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“When the water starts boiling, it is foolish to turn oﬀ the heat.”
Nelson Mandela
Also applies to HFE-7000 at IMFT.
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Doctor of the University of Toulouse
Flow boiling in straight heated tube under microgravity conditions
by Marine Narcy
Forced convective boiling experiments of HFE-7000 in a vertical heated tube were con-
ducted in earth gravity and under microgravity conditions. The experiment mainly
consists in the study of a two-phase ﬂow inside a 6mm diameter sapphire tube uni-
formly heated through an ITO coating. Measurements of pressure drops, void fraction,
and liquid and wall temperatures are performed, along with ﬂow visualisations. Data
were collected in normal gravity and during four parabolic ﬂight campaigns providing
near weightlessness conditions. Flow visualisations, temperature and pressure signals
are analysed to obtain ﬂow patterns, void fraction, wall and interfacial shear stresses,
and heat transfer coeﬃcient data. These experimental results and comparisons with
other available datasets are used to attempt a modelling of ﬂow boiling in microgravity.
saut de ligne
Des expe´riences d’e´bullition convective de HFE-7000 dans un tube vertical chauﬀe´ ont e´te´
mene´es dans des conditions de gravite´ terrestre et de microgravite´. Ces expe´riences con-
sistent principalement en l’e´tude d’e´coulements diphasiques dans un tube de saphir de 6
millime`tres de diame`tre inte´rieur, uniforme´ment chauﬀe´ par eﬀet Joule a` travers un de´poˆt
conducteur d’ITO. Des mesures de pertes de pression, de taux de vide, et de tempe´ratures
de paroi ou de liquide sont re´alise´es simultane´ment avec des enregistrements vide´o des
re´gimes d’e´coulement dans le tube. Les donne´es correspondantes ont e´te´ collecte´es au sol
et lors de quatre campagnes de vols paraboliques qui ont fourni des conditions de niveau
de gravite´ proches de l’apesanteur. Les visualisations des ﬁlms d’e´coulement, ainsi que
les signaux de tempe´rature et de pression sont analyse´s aﬁn d’obtenir des donne´es sur
les re´gimes d’e´coulement, le taux de vide, les frottements parie´taux et interfaciaux, et
les coeﬃcients d’e´change de chaleur. Ces re´sultats expe´rimentaux et les comparaisons
re´alise´es avec d’autres jeux de donne´es en microgravite´ sont utilise´s pour proposer une
mode´lisation de l’e´bullition convective en microgravite´.
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Introduction
Two-phase ﬂows (gas-liquid and vapor-liquid ﬂows) are broadly used in various
industrial and engineering ﬁelds in both normal gravity and reduced gravity envi-
ronments. Terrestrial applications include transportation, thermal management,
process eﬃciency and safety issues, especially in the petroleum, chemical or nu-
clear industries. Two-phase ﬂow can also occur in accidental situations. Thus, the
understanding of two-phase ﬂow beneﬁts and drawbacks is needed to design the
associated systems, particularly under reduced gravity conditions.
Indeed, power, ﬂuid and thermal management systems using two-phase ﬂow are
of great interest for space applications. For example, one of the major problems
aboard space platforms is currently to remove the heat generated by devices from
the inside into space in order to ensure suitable environmental and working con-
ditions. By taking advantage of latent heat transportation, two-phase systems
generally enable a good eﬃciency in heat exchanges. Moreover, with the growing
interest for space applications such as communication satellites and the increasing
power requirements of on-board devices, the use of two-phase mechanical pumped
loop will become ineluctable for thermal and power generation issues with a de-
crease in size and weight of management systems.
However, up to now, chosen technical solutions often include single-phase mechan-
ical pumped loops because of the lack of reliable predictive models for the sizing
of gas-liquid and vapor-liquid ﬂows systems. A better understanding of two-phase
ﬂow mechanisms under microgravity conditions is still needed in order to properly
design these systems. It is especially necessary to be able to predict corresponding
ﬂow patterns, pressure drops, heat transfers and critical heat ﬂux.
But two-phase ﬂow (and especially boiling) is a complex phenomenon which com-
bines heat and mass transfers, hydrodynamics, and interfacial phenomena. Fur-
thermore, gravity aﬀects the ﬂuid dynamics and may lead to unpredictable perfor-
mances. It is thus necessary to perform experiments directly in (near) weightless
environments. Besides the ISS, microgravity conditions can be simulated by means
of a drop tower, parabolic ﬂights on board an aircraft or a sounding rocket.
Beyond the design of space systems, reduced gravity two-phase ﬂows can address
some fundamental questions which remain unresolved. On earth, the force balance
between the two phases is often dominated by gravitational forces. As buoyancy is
suppressed, a new balance comes into play between inertia, viscous and capillary
forces, leading to a drastic change in the interaction between the two phases.
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The present thesis focuses on the vapor-liquid aspect of two-phase ﬂows, with an
experimental study of ﬂow boiling. It is mainly supported by the French Space
Agency (CNES) and the European Space Agency (ESA) as an IMFT contribution
to the MANBO project.
The main objective was to provide experimental results and theoretical analysis on
ﬂow boiling in a straight heated tube both under normal gravity and microgravity
conditions. To reach this goal, a test facility was designed and built to perform
ﬂow boiling experiments on-ground and during parabolic ﬂight campaigns. With
this set-up, various measurements such as heat transfer and pressure drop mea-
surements, and ﬂow visualisations can be done at the same time, for a wide range
of experimental conditions including diﬀerent gravity levels.
Special attention was paid to the description of boiling mechanisms that involve
a lot of parameters. The deﬁnition of these parameters and the fundamental bal-
ance equations used in ﬂow boiling are given in Chapter 1, with a dimensionless
study and a review including existing database and models that were developed
both in normal gravity and microgravity. Chapter 2 describes the experimental
test facility, measurement techniques and protocols, as well as the data reduc-
tion. The experimental data obtained with this set-up are presented in Chapter
3, with a comparison to the commonly used correlations and ﬂow boiling data
that are available for microgravity conditions. Finally, Chapter 4 focuses on the
modelling of dynamics and heat transfers in ﬂow boiling under normal gravity and
microgravity conditions.
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Introduction
saut de ligne
Les e´coulements diphasiques (e´coulements gaz-liquide et liquide-vapeur) sont tre`s
largement utilise´s dans le domaine de l’industrie ou de l’inge´nierie, a` la fois en gravite´
terrestre ou dans des environnements a` gravite´ re´duite. Les applications au sol concer-
nent principalement des proble`mes de transport, de re´gulation thermique, d’ame´lioration
des proce´de´s industriels ou de se´curite´, en particulier dans le domaine des industries
pe´trolie`res, chimiques et nucle´aires. Les e´coulements diphasiques peuvent e´galement
eˆtre observe´s dans des situations oﬀ-design correspondant a` des de´faillances acciden-
telles. C’est pourquoi il est ne´cessaire de comprendre quels sont les avantages et les
inconve´nients lie´s aux e´coulements diphasiques dans la conception de syste`mes les
inte´grant, surtout dans le cas d’applications en gravite´ re´duite.
En eﬀet, les syste`mes de re´gulation (de la chaleur, de la puissance...) qui exploitent
les e´coulement diphasiques s’ave`rent tre`s inte´ressants pour des applications spatiales.
Par exemple, l’un des proble`mes majeurs rencontre´s a` bord des plateformes spatiales
est l’e´vacuation vers l’espace de la chaleur ge´ne´re´e par les appareils embarque´s, qui
est cense´e assurer de bonnes conditions de fonctionnement et d’environnement. Les
syste`mes diphasiques permettent ge´ne´ralement d’atteindre un bon rendement dans
les e´changes de chaleur en tirant avantage de la capacite´ de transport de la chaleur
latente. De plus, avec l’inte´reˆt sans cesse croissant pour les applications spatiales telles
que les satellites de te´le´communication et l’augmentation de la puissance ne´cessaire
aux appareils embarque´s, l’utilisation de boucles diphasiques inte´grant des pompes
hydrauliques entraˆıne´es me´caniquement devient une priorite´ pour re´duire la taille et le
poids des syste`mes de re´gulation.
Or, la plupart des solutions techniques actuelles inclut des boucles hydrauliques mono-
phasiques a` cause d’un manque de donne´es permettant de pre´dire de fac¸on ﬁable
les principales grandeurs physiques caracte´risant les syste`mes a` e´coulements gaz-
liquide ou liquide-vapeur. Une meilleure compre´hension des me´canismes d’e´coulements
diphasiques dans des conditions de microgravite´ est donc ne´cessaire aﬁn de dimen-
sionner ces syste`mes. En particulier, il est essentiel de savoir pre´dire les re´gimes
d’e´coulement, pertes de pression, e´changes de chaleur ou ﬂux critiques correspondants.
Mais les e´coulements diphasiques (et l’e´bullition convective d’autant plus) repre´sentent
un phe´nome`ne complexe qui combine transferts de masse et de chaleur, hydrody-
namique et phe´nome`nes interfaciaux. De plus, le niveau de gravite´ joue sur la dy-
namique du ﬂuide et peut mener a` des changements inattendus dans les performance
des appareils. Il est donc important de re´aliser des expe´riences directement en l’absence
quasi totale de gravite´. En dehors de la Station Spatiale Internationale (ISS en anglais),
des conditions de microgravite´ peuvent eˆtre simule´es dans une tour de chute libre, lors
de vols paraboliques a` bord d’un avion ou lors de vols de fuse´e-sonde.
Au-dela` des proble`mes de dimensionnement de syste`mes de re´gulation, les e´coulements
diphasiques en gravite´ re´duite peuvent re´pondre a` des questions fondamentales jusqu’ici
non re´solues. Sur terre, l’e´quilibre des forces entre les deux phases est souvent domine´
par les forces gravitationnelles. Cependant, lorsque la ﬂottabilite´ est supprime´e, un
nouvel e´quilibre s’e´tablit entre les forces d’inerties, de viscosite´ et les forces capillaires,
ce qui peut mener a` des changements importants dans les interactions entre phases.
Symbols 4
La the`se pre´sente´e ici s’inte´resse plus particulie`rement aux e´coulements diphasiques
liquide-vapeur, a` travers une e´tude expe´rimentale de l’e´bullition convective. Elle est en
grande partie ﬁnance´e par le Centre National d’E´tudes Spatiales (CNES) et l’Agence
Spatiale Europe´enne (ESA en anglais), en tant que contribution de l’IMFT au projet
MANBO.
Le principal objectif est de fournir des re´sultats expe´rimentaux ainsi qu’une anal-
yse the´orique sur l’e´bullition convective dans un tube chauﬀe´, dans des conditions
de gravite´ normale (terrestre) et de microgravite´. Aﬁn d’atteindre ce but, un banc
expe´rimental a e´te´ dimensionne´ et construit a` l’IMFT pour proce´der a` des expe´riences
en e´bullition convective au laboratoire et lors de campagnes de vols paraboliques. Avec
cette installation, diverses mesures (telles que des mesures de pertes de pression, de
coeﬃcient d’e´change ou des visualisations d’e´coulement) peuvent eˆtre re´alise´es simul-
tane´ment pour de larges gammes de conditions expe´rimentales comprenant diﬀe´rents
niveaux de gravite´.
Une attention toute particulie`re a e´te´ apporte´e a` la description des me´canismes de
l’e´bullition, qui implique un grand nombre de parame`tres. La de´ﬁnition de ces parame`tres
et les e´quations de conservation fondamentales utilise´es dans cette analyse sont ex-
pose´es dans le Chapitre 1, avec une e´tude adimensionnelle et un compte-rendu des
donne´es et mode`les disponibles ou de´veloppe´s a` la fois en gravite´ normale et en micro-
gravite´. L’installation expe´rimentale ainsi que les techniques et protocoles de mesure
sont de´taille´s dans le Chapitre 2 qui explicite e´galement le traitement des donne´es.
Les re´sultats expe´rimentaux obtenus avec ce banc sont pre´sente´s dans le Chapitre 3 et
compare´s aux corre´lations de la litte´rature et aux donne´es disponibles dans des con-
ditions similaires de microgravite´. Enﬁn, le Chapitre 4 traite plus particulie`rement de
la mode´lisation de la dynamique et des transferts de chaleur en e´bullition convective
dans des conditions de gravite´ normale et de microgravite´.
Chapter 1
Description and modelling of ﬂow
boiling in pipe
This chapter describes the fundamental parameters and equations
used for the description and modelling of ﬂow boiling in a vertical
heated tube. A dimensionless analysis is provided in order to high-
light the main relevant dimensionless numbers, which will enable a
comparison between available datasets both under normal gravity and
microgravity conditions and introduce classical correlations and mod-
els that are used in the litterature. Simpliﬁed equations used in the
data reduction and models are presented. For the speciﬁc case of
microgravity conditions, a state of the art review details existing ex-
periments and the trends they highlight.
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Dans ce chapitre sont de´crits les principaux parame`tres et les e´quations utilise´s pour la
description et la mode´lisation de l’e´bullition convective dans un tube vertical chauﬀe´.
Une analyse dimensionnelle du proble`me permet d’e´noncer les nombres adimensionnels
qui servent a` comparer des jeux de donne´es obtenues dans des conditions d’expe´rimenta-
tion diﬀe´rentes, et qui apparaissent dans les mode`les et corre´lations empiriques usuelle-
ment fournis par la litte´rature. Les e´quations simpliﬁe´es utiles pour le traitement des
donne´es sont e´galement de´taille´es. Enﬁn, pour le cas de la microgravite´, un e´tat de
l’art reprenant les principales expe´riences et re´sultats expe´rimentaux est pre´sente´.
Description fondamentale
Aﬁn de correctement de´crire les me´canismes de l’e´bullition convective en tube, un rappel
des principales de´ﬁnitions et notations utilise´es est ne´cessaire, en particulier pour le titre
massique en vapeur x, le taux de vide α, les vitesses moyennes des phases liquide et vapeur
ul et uk, et les vitesses superﬁcielles de ces meˆmes phases jl et jk.
Ces grandeurs apparaissent dans les six e´quations bilan qui de´crivent le syste`me. Les
e´quations de conservation de la masse, de la quantite´ de mouvement et de l’enthalpie peu-
vent en eﬀet eˆtre e´crites pour la phase liquide et pour la phase vapeur. Les e´quations de bilan
a` l’interface sont ajoute´es aﬁn de re´duire le nombre d’inconnues. Pour re´soudre le syste`me,
il est cependant ne´cessaire de fournir des lois de fermeture pour les transferts parie´taux et
interfaciaux.
Les corre´lations empiriques propose´es pour ces lois de fermeture font souvent appel a` des
nombres adimensionnels e´galement utilise´s pour comparer des donne´es acquises dans des
conditions quelque peu diﬀe´rentes (avec diﬀe´rents re´frige´rants ou gammes de parame`tres
d’e´coulement, par exemple). Ces nombres sont choisis de fac¸on a` repre´senter les parame`tres
importants de l’e´coulement, tout en restant inde´pendants les uns des autres.
L’ordre de grandeur des nombres adimensionnels permet de supprimer quelques termes des
e´quations de conservation. Des hypothe`ses supple´mentaires telles que des conditions de
re´gime e´tabli permettent d’obtenir des e´quations simpliﬁe´es faisait apparaˆıtre les principales
grandeurs de l’e´coulement en fonction de parame`tres facilement mesurables, comme le ﬂux
de masse. En particulier, le calcul du titre en vapeur se fait a` partir l’e´quation de conservation
de l’enthalpie pour le me´lange tandis que celle de quantite´ de mouvement du me´lange permet
d’obtenir le frottement parie´tal.
Mode´lisation de l’e´bullition
Divers re´gimes d’e´coulement sont rencontre´s en e´bullition convective en tube pour des
ﬂux de chaleur parie´taux infe´rieurs au ﬂux critique. Les trois principaux re´gimes corre-
spondent aux e´coulement a` bulles, aux e´coulements a` poches-bouchons et churn, et aux
e´coulements annulaires. Divers mode`les leur sont associe´s puisqu’ils pre´sentent des car-
acte´ristiques d’e´coulement tre`s diﬀe´rentes.
Les mode`les homoge`nes partent du principe que les phases liquide et vapeur vont a` la meˆme
vitesse et peuvent eˆtre conside´re´es comme une unique phase caracte´rise´e par des proprie´te´s
thermodynamiques de me´lange. Ils sont surtout valables pour des e´coulements a` bulles a`
tre`s hauts de´bits ou lorsque le rapport des densite´s liquide sur vapeur est faible. Dans les
mode`les a` phases se´pare´es, chaque phase est caracte´rise´e par ses propres proprie´te´s et vitesses
d’e´coulement et on re´sout les e´quations de conservation de quantite´ de mouvement pour les
deux phases. Pour des e´coulements a` poches-bouchons, on conside`re une seule e´quation de
quantite´ de mouvement pour le me´lange, mais des vitesses de phase diﬀe´rentes (mode`le a`
ﬂux de de´rive).
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A chacun de ces mode`les correspondent des corre´lations empiriques qui ont e´te´ propose´es
pour la pre´diction du frottement parie´tal ou des coeﬃcients d’e´change de chaleur. Dans
le cas des e´coulements annulaires, il existe e´galement des corre´lations pour de´terminer le
frottement interfacial.
E´tat de l’art des expe´riences en microgravite´
Tre`s peu de donne´es sont disponibles pour des e´coulements bouillants en microgravite´, la plu-
part des re´sultats expe´rimentaux en e´coulement diphasiques correspondant a` des e´coulements
gaz-liquide adiabatiques. Trois principales expe´riences ayant fourni des donne´es lors de cam-
pagnes de vols paraboliques sont mentionne´es ici, l’une ayant fait le sujet d’une collaboration
lors de cette the`se. Puisque les installations expe´rimentales sont conditionne´es par les con-
traintes des vols paraboliques, les ﬂuides de travail et gammes de parame`tres d’e´coulement
sont tre`s proches pour toutes ces expe´riences.
Comme pre´cise´ dans la partie mode´lisation de ce chapitre, trois principaux re´gimes d’e´coule-
ment ont e´te´ identiﬁe´s, a` la fois au sol et en microgravite´ : e´coulements a` bulles, e´coulements
a` poches-bouchons (avec des e´coulements de transition diﬃcilement identiﬁables) et e´coule-
ments annulaires. Alors que l’inﬂuence du niveau de gravite´ est clairement visible pour les
e´coulements a` bulles (qui pre´sentent des formes plus sphe´riques et des tailles plus importantes
en microgravite´), elle est diﬃcile a` distinguer sur les e´coulements a` poches-bouchons et
les e´coulements annulaires. Malheureusement, il manque des donne´es pour caracte´riser
expe´rimentalement les transitions entre les re´gimes d’e´coulements et tracer des cartes de
conﬁguration comple`tes.
Le taux de vide (et l’e´paisseur de ﬁlm liquide dans le cas des e´coulements annulaires) a tre`s
peu e´te´ e´tudie´ en microgravite´, cette grandeur e´tant diﬃcilement mesurable : seules des
observations qualitatives ont e´te´ fournies.
De meˆme, il existe assez peu de re´sultats expe´rimentaux sur le frottement parie´tal en mi-
crogravite´. Des mesures ont e´te´ re´alise´es en e´coulement gaz-liquide ou en e´coulements
bouillants dans une section adiabatique. La mesure du frottement interfacial ne´cessitant
la mesure couple´e de perte de pression et de taux de vide, il n’existe aucune donne´e pour
des e´coulements bouillants en microgravite´. Quelques mesures de frottement interfacial et
quelques mode´lisations existent pour des e´coulements eau-air.
La plupart des expe´riences se sont concentre´es sur l’e´tude des coeﬃcients d’e´change de
chaleur en microgravite´. Des tendances diﬀe´rentes, voire contradictoires, ont e´te´ mises en
e´vidence selon les diﬀe´rents auteurs, mais pour des conditions d’ope´ration diﬀe´rentes et
parfois mal spe´ciﬁe´es, ce qui rend les comparaisons entre expe´riences hasardeuses. Quelques
auteurs ont tente´ de rassembler les diﬀe´rentes donne´es disponibles en distinguant les gammes
de parame`tres d’e´coulement et les zones impacte´es par un changement du niveau de gravite´.
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1.1 Fundamental description
Dynamics and heat transfer in ﬂow boiling in pipe can be described at the pipe scale by
one-dimensional mass, momentum and energy balance equations for each phase (liquid
and vapor), and jump conditions at the interface. These equations involve a large number
of parameters that are presented in the following section.
1.1.1 Basic deﬁnitions
The subscript k is used to describe the ﬂuid state: k = l for the liquid phase and k = v
for the vapor phase.
Geometrical considerations: the present study aims at investigating an upward boil-
ing ﬂow inside a circular vertical tube of constant diameter D. The corresponding total
cross-sectional area A is equal to the sum of areas occupied by the liquid (referred to as
Al) and areas occupied by the vapor (referred to as Av).
A = Al +Av (1.1)
This cross-sectional area is used in the expression of the mass ﬂux G according to the
mass ﬂow rate m˙:
G =
m˙
A
(1.2)
Two-phase parameters: in ﬂow boiling, liquid phase and vapour phase ﬂow together,
with a velocity uk, a pressure pk and an enthalpy hk. Two important parameters are
necessary to characterise the velocity of each phase: the vapor quality x and the void
fraction α. For both parameters, the subscript v is omitted: xv = x, xl = 1 – x, and αv
= α, αl = 1 – α.
The vapor quality x is deﬁned as the ratio of the vapor mass ﬂow rate m˙v over the total
mass ﬂow rate m˙. If phase change occurs, then the quality also changes along the tube.
Further discussion and calculations of x are presented in Chapter 2.
x =
m˙v
m˙
=
m˙v
m˙l + m˙v
(1.3)
The void fraction α corresponds to the volume occupied by the vapor phase Vv over the
total volume V . It can also be expressed in terms of area.
α =
Vv
V
=
Vv
Vl + Vv
=
Av
Al +Av
(1.4)
Two-phase velocities: two main types of velocity can be expressed for each phase
according to the ﬂow parameters.
The mean velocities, denoted uk, correspond to the actual velocity at which each phase
ﬂows in the tube. ul and uv are generally diﬀerent and are determined by the ratio of
the phase volumetric ﬂow rate over the cross-sectional area occupied by that phase:
uk =
m˙k
ρk.Ak
(1.5)
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According to previous deﬁnitions:
ul =
m˙
ρl.A
· 1− x
1− α =
G
ρl
· 1− x
1− α
uv =
m˙
ρv.A
· x
α
=
G
ρv
· x
α
(1.6)
where ρl and ρv are the densities of liquid and vapor, respectively.
The superﬁcial velocity jk is the velocity the phase would have if it was ﬂowing alone in
the tube (Ak = A). According to the deﬁnition of uk:
jl =(1− α).ul
jv = α.uv
(1.7)
The sum of the liquid and vapor superﬁcial velocities is the total superﬁcial velocity (or
mixture velocity), denoted j:
j = jl + jv (1.8)
1.1.2 Fundamental equations
A system of six equations describes the evolution of a boiling ﬂow in a pipe: the laws of
conservation of mass and energy, and the momentum balance equation, applied to each
phase k. Jump conditions are added to this system: they are written for mass, energy
and momentum at the interface. All these balance equations are integrated on a control
volume in the tube, as can be seen in Figure 1.1, z being the direction of preferential
ﬂow. Further details are provided in the books of Collier and Thome [1994], Wallis
[1969] or Delhaye [2008].
saut de ligne
Figure 1.1: Control volume for the integration of balance equations
saut de ligne
Mass conservation equations: if there is no mass gain or loss through the wall, the
temporal variation of mass in the tube is due to phase change (characterised by a mass
transfer Γk [kg.s
−1.m−3]) and to the motion of mass entering or leaving the control
volume, which can be expressed by:
∂(ρk.αk)
∂t
+
∂(ρk.αk.uk)
∂z
= Γk (1.9)
where uk is the axial component of the mean velocity of phase k.
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Momentum balance equations: the momentum variation is determined by the sum
of the forces that apply to the control volume such as pressure forces or viscous stresses.
Sw,k is the wall wet perimeter and Si,k is the interfacial perimeter. The interface travels
at the velocity ui. For turbulent ﬂows, this balance equation is given by:
∂(ρk.αk.uk)
∂t
+
∂(ρk.αk.u
2
k)
∂z
=− ρk.αk.g − αk · ∂pk
∂z
− (pk − pi) · ∂αk
∂z
− τw,k.Sw,k
A
− τi,k.Si,k
A
+ Γk.ui
(1.10)
Energy conservation equations: the total enthalpy of phase k, denoted ht,k, is
determined by the sum of the enthalpy hk and the kinetic energy u
2
k/2. Its temporal
variation is due to an enthalpy gain through advection, wall and interfacial heat ﬂuxes,
energy associated to mass transfer, to the work of pressure or volumetric forces, and
friction at the interface:
∂(ρk.αk.ht,k)
∂t
+
∂(ρk.αk.uk · ht,k)
∂z
=
qw,k.Sw,k
A
+
qi,k.Si,k
A
+ Γk.ht,k,sat
+ αk · ∂pk
∂t
+ ρk.αk.g.uk + ξ · τi.Si.ui
A
(1.11)
The last term of the RHS of Equation (1.11) can be neglected since the heat associated
with friction at the interface is very small.
At the interface: these three balance equations can be written at the interface.
Mass conservation: the mass leaving one phase is entering the other one.
Γl + Γv = 0 (1.12)
Momentum balance: the interfacial shear stress from liquid and vapor phases are opposed
and equal at the interface, since the surface tension σ is constant along the interface
(there is no Marangoni convection):
τi,l + τi,v = 0 (1.13)
It is usual to write a two-ﬂuid model assuming that the pressure is constant in the tube
section. Then pk = pi and the third term of the RHS of Equation (1.10) disappears.
If pk = pi, the normal stress balance reduces to:
pi − pk = 2σ
Ri,k
(1.14)
where Ri,k is the radius of curvature of the interface.
Energy conservation: the interfacial heat ﬂux from both liquid phase and vapor phase
determines the energy variation associated with phase change.
(qi,l + qi,v) · Si
A
= Γl.hl,v (1.15)
These 9 balance equations (3 for the liquid, 3 for the vapor and 3 at the interface) include
15 variables: 6 primary variables, α, ul, uv, p, hl, hv and 9 secondary variables, Γl, Sw,l,
Si, τw,l, τw,v, τi,l, qw,l, qw,v, qi,l.
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According to Equation (1.5), velocities can be expressed with the void fraction α and
the superﬁcial velocities jl and jv (or the vapor quality x and the mass ﬂux G). The
primary variables become α, x, G, p, hl and hv.
To solve the balance equations, it is then necessary to provide closure laws for the
geometrical parameters Sw,l and Si, the wall transfers τw,l, τw,v, qw,l and qw,v, and the
interfacial transfers Γl, τi and qi,l. These closure laws strongly depend on the ﬂow
pattern. For the modelling of wall shear stress and heat transfer, global values τw and
qw are used for the whole perimeter π.D. Then, only 6 closure laws are required for Γl,
Si, τw, τi, qw and qi,l.
1.1.3 Dimensionless numbers
A dimensionless description of boiling mechanisms is useful to compare various experi-
ments (diﬀerent ﬂuides, diameters...). Some dimensionless numbers are highlighted by
the non-dimensional form of previously established equations while others are widely
used in empirical correlations and models. This section provides details on a dimension-
less analysis of boiling in upward ﬂow.
Buckingham Π theorem: the dimensionless numbers that are chosen to describe
boiling mechanisms must be based on all involved physical parameters and scales.
There are 18 independent parameters: 4 for the liquid properties (the density ρl, the
heat capacity Cpl, the kinematic viscosity νl and the thermal conductivity λl), 4 for
the vapor properties (ρv, Cpv, νv and λv), 2 for the ﬂuid properties (the latent heat of
vaporisation hl,v and the surface tension σ), plus the gravity level g, the tube diameter
D, the vapor quality x, the mass ﬂux G, the saturation temperature Tsat, the liquid and
wall temperatures Tl and Tw, and the wall heat ﬂux qw.
The pressure p is not listed here: its variations are already accounted for with the
thermodynamical properties of the two phases, and p is known if Tsat is known. Even
though temperatures and ﬂuxes are correlated, both are kept in the list and linked by a
Nusselt number. Moreover, the superﬁcial velocities jl and jv can be used in place of x
and G.
These 18 variables can be expressed by using 4 of the 7 SI base dimensions (mass, time,
length and energy). Thus, according to the Π theorem [Buckingham, 1914, Vaschy,
1892], 18 - 4 = 14 independent dimensionless numbers can be built for this problem.
Choice of dimensionless numbers: relevant dimensionless numbers are chosen among
the numbers highlighted by dimensionless equations and commonly used models. A sum-
mary of these 14 dimensionless numbers is given in Table 1.1.
4 dimensionless numbers denoted Πi consist in vapor over liquid properties ratios. Most
of the other numbers can be written for the liquid phase and the vapor phase. How-
ever, the numbers obtained for the two phases are not always independent since one of
them can be expressed according to the ratio of ﬂuid properties or other dimensionless
numbers. For example:
Wel = Wev.
j2l
j2v
= Wev.
Re2l
Re2v
.
ν2l
ν2v
(1.16)
saut de ligne
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Dimensionless number Formula Signiﬁcation
Π1
ρv
ρl
densities ratio
Π2
Cpv
Cpl
speciﬁc heat capacities ratio
Π3
νv
νl
kinematic viscosities ratio
Π4
λv
λl
thermal conductivities ratio
liquid Reynolds Rel
jl.D
νl
inertia forces
viscous forces
vapor Reynolds Rev
jv.D
νv
inertia forces
viscous forces
Weber number Wev
ρv.j
2
v .D
σ
inertia forces
surface tension
Prandtl number Prl
μl.Cpl
λl
momentum diﬀusivity
heat diﬀusivity
Nusselt number Nu
qw
λl.(Tw − Tk)
convection
conduction
Jakob number Jasub
Cpl.(Tsat − Tl)
hl,v
sensible heat
latent heat
Jakob number Ja
Cpl.(Tw − Tsat)
hl,v
sensible heat
latent heat
Boiling number Bo
qw
G.hl,v
wall heat ﬂux
phase change heat ﬂux
Froude number Frl
j2l
D.g
inertia forces
gravitational forces
Eckert number Eckl
u2l
Cpl.(Tw − Tl)
kinetic energy
internal energy
Table 1.1: Dimensionless numbers, deﬁnition and signiﬁcation
There are of course other possible choices for the 14 dimensionless numbers, and thus
depending on the ﬂuids and the ﬂow patterns of interest, other combinations may be
more adapted. For example, in speciﬁc cases, some authors use the liquid Ohnesorge
number Oh in place of the Weber number We to describe ﬂow patterns transitions.
Oh =
μl√
ρl.σ.D
Oh =
√
We
Re
(1.17)
Many authors also use an Eo¨tvos number Eo (also called Bond number) to characterise
the ratio of gravity forces over surface tension.
Eo =
(ρl − ρv).g.D2
σ
(1.18)
Chapter 1. Description and modelling of ﬂow boiling in pipe 13
Another relevant dimensionless number can be mentioned: the Martinelli parameter X
[Lockhart and Martinelli, 1949]. This number, which expresses the frictional pressure
gradient in single-phase liquid ﬂow over the one in single-phase vapor ﬂow, may be
written according to the ratios of density and Reynolds number of the two phases. It is
not independent of the previously deﬁned numbers, but it is commonly used in various
correlations, especially for pressure drops.
X =
⎡
⎢⎢⎢⎢⎣
(
dP
dz
)
l(
dP
dz
)
v
⎤
⎥⎥⎥⎥⎦
1/2
(1.19)
Order of magnitude: Table 1.2 gives the order of magnitude of the aforementionned
dimensionless numbers for the refrigerant HFE-7000 and ranges of ﬂow parameters cor-
responding to the experiment described in Chapter 2. The mass ﬂux G ranges from 50
to 400 kg.s−1.m−2, the vapor quality x from 0.01 to 0.8 and the wall heat ﬂux from 0.5
to 4 W.cm−2.
Normal gravity Microgravity
Rel 1.5 10
2 - 6.4 104
Rev 2.6 10
2 - 1.7 105
Wev 1.6 10
−2 - 6.6 103
Fr 8.9 10−4 - 1.4 100 8.7 10−1 - 1.4 104
Eck 10−8 - 10−5
Bo 9.4 10−5 - 6.1 10−3
Eo 39 0.004 - 0.04
Table 1.2: Order of magnitude of various dimensionless numbers,
for refrigerant ﬂow boiling in millimetric channels
For microgravity conditions where it is considered that the residual gravity level is
between 0.001g and 0.01g, the Froude number ranges between 10−1 and 104, and the
Eo¨tvos number between 0.004 and 0.4. The Reynolds number for the liquid and vapor
phases cover the ranges of laminar and turbulent ﬂows. The Weber number of the vapor
phase may reach important values corresponding to a destabilisation of the interface in
annular ﬂow. The Froude number varies over a wide range , and at low mass ﬂux, the
eﬀect of buoyancy is expected to be non negligible in parabolic ﬂight conditions.
1.1.4 Simpliﬁed balance equations
Writing balance equations applied to the mixture or to a speciﬁc phase and using funda-
mental deﬁnitions of velocities allow to express important physical quantities according
to ﬂow parameters that can be measured. The simpliﬁed equations that are used in the
data reduction are presented in this section.
Simpliﬁcations: Balance equations can be written according to dimensionless numbers.
However, further simpliﬁcations can be made by making basic assumptions.
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− pressure model: a single pressure model is chosen; in a tube section, pl =pv = pi = p.
This assumption is validated by the value of the Weber number based on the mixture
velocity, that is always larger than 1.
− total enthalpy: the total enthalpy ht,k splits up into the enthalpy hk and a kinetic
energy term. Since the Eckhert number is very small, the contribution of the kinetic
energy can be neglected: ht,k = hk. Moreover, the vapor is generally considered at
saturation temperature, which allows to consider hv = hv,sat.
− steady state: in steady state, the temporal variations of ﬂow parameters are negligible
compared to their spatial variations. Since this study is not interested in transient
regime, all time derivatives are simpliﬁed.
saut de ligne
Enthalpy balance equation for the mixture: in data reduction, the use of a sim-
pliﬁed enthalpy balance equation will be required for the calculations of important ﬂow
parameters. Since the wall heat ﬂux is small, the vapor is at saturation temperature
and it is relevant to write an enthalpy balance equation for the mixture. Writing this
equation in steady state allows us to avoid the modelling of interfacial terms.
The enthalpy balance for the mixture, given by Equation (1.21), is obtained by adding
together the energy balance equations for each phase (Equation (1.20)).
∂ρk.αk.uk.hk
∂z
− qw,k.Sw,k
A
− qi,k.Si,k
A
− Γk.hk,sat = 0 (1.20)
∂ρl.(1− α).ul.hl
∂z
+
∂ρv.α.uv · hv
∂z
− qw.Sw
A
= 0 (1.21)
The enthalpy hk can be written according to the temperature of phase k:
hk = Cpk.(Tsat − Tk) + hk,sat (1.22)
The vapor can be considered at saturation: hv = hv,sat. With the deﬁnitions of Equation
(1.5), Sw = π ·D and hl,v = hv − hl, Equation (1.21) becomes:
G.(hl,v + Cpl.(Tsat − Tl)) · ∂x
∂z
+G.Cpl.(1− x) · ∂Tl
∂z
− 4.qw
D
= 0 (1.23)
This equation includes ﬂow parameters that can be easily measured, such as the mass
ﬂux G, the heat ﬂux delivered by the wall qw or the liquid temperature Tl.
saut de ligne
Momentum balance equation for the mixture: the same type of analysis applies to
the momentum balance (Equation (1.10)) for the mixture: adding the equations for each
phase makes the interfacial terms disappear; by using the deﬁnitions of the velocities
according to x and G (with a mass ﬂux constant along the considered section) and a
mixture density ρm, this equation in steady state yields, for a vertical upward ﬂow:
dp
dz
=
−4.τw
D
− ρm.g −G2 · d
dz
[
(1− x)2
ρl.(1− α) +
x2
ρv.α
]
(1.24)
ρm = (1− α).ρl + α.ρv (1.25)
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Momentum balance equation in annular ﬂow: when the liquid and vapor velocities
are very diﬀerent, is is more relevant to use 2 momentum balance equations for liquid
and vapor. This is the case for annular ﬂows that exhibit a vapor core and a ﬁlm of liquid
ﬂowing at the wall. In this particular case, the momentum balance can be written for
each phase separately in order to keep the interfacial shear stress. Following equations
are given on an adiabatic section where the acceleration term depending on the proﬁles
of x and α along the tube can be neglected.
Adiabatic annular ﬂow without droplet entrainment: a ﬁrst approximation consists in
considering that all the liquid ﬂows at the wall as a ﬁlm and that no droplet is entrained
in the vapor core. In steady state for an adiabatic ﬂow, with the previous deﬁnitions
of velocity and Si/A = 4
√
α/D, the momentum balance equation applied on the vapor
core and applied on the liquid ﬁlm yields, respectively:
−α · dP
dz
− τi · 4
√
α
D
− ρv.α.g = 0
−(1− α) · dP
dz
+ τi · 4
√
α
D
−4τw
D
− ρl.(1− α).g = 0
(1.26)
Adiabatic annular ﬂow with droplet entrainment: depending on ﬂow parameters, a liquid
fraction αle can be entrained under the form of droplets in the vapor core, while the
ﬁlm at the wall corresponds to a liquid fraction αlf (αl = αlf + αle = 1 − α). The
momentum balance equation in an adiabatic section is then applied on the vapor core
+ droplets, or on the liquid ﬁlm:
−(α+ αle) · dP
dz
− τ ′i ·
S′i
A
− (ρv.α+ ρl.αle).g = 0
−αlf · dP
dz
+ τ ′i ·
S′i
A
−4τw
D
− ρl.αlf .g = 0
(1.27)
where the interfacial term τ ′i .S
′
i/A accounts for entrainment and deposition of droplets.
The entrained liquid fraction can be calculated by considering that the mean velocity
of entrained droplets equals the mean velocity of the vapor phase. Assuming a mass
entrainment e, writing uv = ule yields:
G.x
ρv.α
=
G.(1− x).e
ρl.αle
with e =
m˙le
m˙l
(1.28)
which gives:
αle =
ρv
ρl
· 1− x
x
· e.α (1.29)
Equation 1.27 can therefore be expressed according to αle, with αlf = 1 −α − αle and
S′i/A = 4
√
α+ αle/D
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1.2 Models and closure laws
Dynamical and thermal closure laws are needed for the resolution of the balance equa-
tions. Most of the time, these laws are empirical correlations based on experimental
datasets, which makes them strongly dependent on the ﬂow patterns or on various ﬂow
parameters ranges. The main models and corresponding correlations used in two-phase
upward ﬂow in millimetric tubes are presented in this section.
1.2.1 Flow patterns and models
Various ﬂow patterns can be encountered in ﬂow boiling, and a precise description of the
distribution of liquid and vapor phases is necessary; indeed, heat transfers and pressure
drops are closely correlated to the ﬂow structure.
Flow patterns and models: three main distinct ﬂow patterns are reported for ﬂow
boiling at low heat ﬂux, lower than the critical heat ﬂux and in vertical tubes: bub-
bly ﬂow, slug ﬂow (long bubbles separated by liquid plugs) / churn ﬂow, and annular
ﬂow (vapor core with a liquid ﬁlm at the wall, as mentioned in Section 1.1.4). These
regimes are illustrated in Figure 1.2. For further considerations on ﬂow pattern types
and transitions, refer to corresponding section on experimental works.
Figure 1.2: Flow patterns and models for two-phase ﬂow modelling
at low and moderate wall heat ﬂux
Figure 1.2 presents a summary of the one-dimensional two-phase models that can be used
depending on the ﬂow pattern, in the speciﬁc case of vertical upward ﬂow boiling inside
a few millimeters ID tube. Choice and characterisation of the models are discussed in
the following sections for the prediction of wall shear stress and heat transfer coeﬃcient.
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Two classes of empirical ﬂow models were developed to describe ﬂow mechanisms: homo-
geneous ﬂow models and separated ﬂow models. More recently, another phenomenologi-
cal approach took an interest in ﬂow patterns eﬀects and designed models corresponding
to speciﬁc ﬂow patterns, such as drift ﬂux models or annular ﬂow models.
Homogeneous models: the underlying assumption of homogeneous ﬂow model (or
zero-slip model) is that the liquid and vapor phases mix and travel at equal velocities
(the relative motion is neglected); thus, it can be considered that there is only one phase.
As a result, these models are well-suited for the description of two-phase ﬂows where the
diﬀerences between the properties of the liquid and vapor are small (near critical point)
or where the mean liquid velocity is very high compared to the bubble drift velocity in
bubbly ﬂow. Whalley [1987] states that the homogeneous model gives good results for
ρl/ρv < 10 or G > 2000 kg.s
−1.m−2.
The model is described by the typical single-phase equations using the mixture properties
ρm and μm, with the mixture velocity um = jv + jl = G/ρm. In particular, the mixture
density ρm is given by:
ρm =
(
1− x
ρl
+
x
ρv
)−1
or ρm = α.ρv + (1− α).ρl (1.30)
Several expressions were proposed for the two-phase viscosity μm. Most of these expres-
sions are empirical correlations based on various datasets and written according to the
vapor quality x. A list of two-phase viscosity deﬁnitions is available in the article of
Awad and Muzychka [2008] who proposed eﬀective homogeneous property models.
Drift ﬂux model: in the case of dispersed bubble ﬂow, assuming there is no slip
between the phases would lead to think the homogeneous model is well-suited for the
calculations. However, for moderate liquid velocities in bubbly or slug ﬂow regimes, a
signiﬁcant drift velocity between gas and liquid phases is observed. It is therefore more
relevant to use drift ﬂux models. This class of models was ﬁrst developed by Zuber and
Findlay [1965] and Wallis [1969].
The drift ﬂux model states that the actual vapor velocity uv in slug ﬂow responds to
the axial ”centerline” ﬂow velocity in the tube, which is larger than the mixture velocity
j. Moreover, due to buoyancy eﬀects, the vapor bubbles experience a drift velocity u∞.
For vertical ﬂow, the actual vapor velocity becomes:
uv =
jv
α
= C0 · j + u∞ (1.31)
where the distribution parameter C0 depends on the local void fraction and vapor veloc-
ity distributions. The expression of the drift velocity u∞ is adapted to the ﬂow pattern:
u∞ =
⎧⎪⎪⎨
⎪⎪⎩
1.53 ·
(
g · (ρl − ρv) ·
σ
ρ2l
)1/4
for bubbly ﬂow [Harmathy, 1960]
0.35 · √g ·D for Taylor bubbles in slug ﬂow [Niklin, 1962]
(1.32)
The void fraction needed for the calculations of the gravitational and acceleration terms
in the total pressure gradient is calculated from this actual velocity with:
α =
jv
uv
(1.33)
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Two-ﬂuid models: the two-ﬂuid model is the most generic one. It is based on two
momentum balance equations (one for each phase) and can be used for all ﬂow patterns.
Nevertheless, it is the only relevant model for ﬂows with separated phases like annular
ﬂows. In annular ﬂow, the phase distribution is indeed correlated to the balance between
gravitational force, wall and interfacial shear stresses.
In annular ﬂow model at high void fraction, the vapor phase occupies the centre of
the tube while the liquid phase ﬂows at the wall. Depending on the ﬂow parameters,
entrainment of liquid droplets in the vapor core can occur. This type of ﬂow is referred
to as dispersed annular ﬂow. Annular ﬂow models often neglect this entrainement since
the liquid fraction in the vapor phase remains small in most cases.
Annular ﬂow model without liquid entrainement: in this regime, all the liquid ﬂows at
the wall. The liquid ﬁlm thickness δ is therefore given by:
δ =
D
2
· (1−√α) (1.34)
Writing the two momentum balance equations for the liquid ﬁlm at the wall and for the
vapor core, as presented in Equation (1.26), leads to two equations expressed according
to the void fraction, and wall and interfacial shear stresses. In order to solve them and
to calculate the void fraction (and then the ﬁlm thickness) and pressure gradient, closure
laws are needed for the wall and interfacial shear stresses.
Annular ﬂow model with liquid entrainement: the momentum balance equations for
each phase are more complicated in the case where droplet entrainement is considered,
as shown in Equation (1.27).
Recently, Cioncolini and Thome [2009] proposed a two-phase pressure drop model for
annular ﬂow. The authors then developed this model to take the liquid entrainment into
account and to include void fraction, liquid ﬁlm thickness and heat transfer coeﬃcient
predictions [Cioncolini and Thome, 2011, 2012a].
In this model, the rate of entrainment e is given by:
e = (1 + 279.6 ·We−0.8395c )−2.209 for 10 < Wec < 105 (1.35)
whereWec is the Weber number of the vapor core, based on the superﬁcial vapor velocity
and on the density ρc of the vapor core carrying liquid droplets:
Wec =
ρc · j2v ·D
σ
with ρc =
e · (1− x) + x
e · (1− x)
ρl
+
x
ρv
(1.36)
The following expression is used for the calculation of the void fraction α:
α =
m · xn
1 + (m− 1) · xn (1.37)
where ⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
m = a+ (1− a) ·
(
ρv
ρl
)a1
a = −2.129, a1 = −0.2186
n = b+ (1− b) ·
(
ρv
ρl
)b1
b = 0.3487, b1 = 0.515
(1.38)
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1.2.2 Wall shear stress modelling
This section presents some empirical correlations that are used for the prediction of
two-phase frictional pressure drops for the diﬀerent aforementioned models.
Single-phase ﬂow: for a steady single-phase liquid ﬂow in a tube, the momentum
equation provides an expression of the pressure gradient that is the sum of three compo-
nents: a frictional term, a gravitational term and an acceleration term that is negligible
if the density is considered as a constant, as shown in Equation (1.24).
The wall shear stress τw is deﬁned as:
τw = f · ρ · u
2
2
(1.39)
where the Fanning friction factor f is empirically determined according to the Reynolds
number Re and the relative wall roughness k/D. While the general expression is f =
16/Re in laminar ﬂow, the most commonly used correlation for f in turbulent ﬂow is
that of Colebrook and White [1937]:
1√
f
= −4 · log
(
2 · k
D
+
9.35
Re · √f
)
(1.40)
An older and widely used approximation of this correlation is that of Blasius [1913], in
the case of smooth tubes:
f =
⎧⎨
⎩
16
Re
in laminar ﬂow, Re < 3000
0.079 ·Re−1/4 in turbulent ﬂow, 3000 < Re < 105
(1.41)
Homogeneous models: for bubbly and slug ﬂows, the ﬂow dynamics can be well re-
produced by a momentum balance equation for the mixture (Equation (1.42)) associated
with the drift-ﬂux model (Equation (1.31)):
d
dz
G2.(1− x)2
ρl.(1− α) +
d
dz
G2.x2
ρv.α
= −dp
dz
− ρm.g − 4.τw
D
(1.42)
The frictional pressure gradient is expressed as:(
dp
dz
)
fr
=
4.τw
D
=
2.fm.G
2
ρm.D
(1.43)
where the friction factor fm is function of the Reynolds number for the mixture Rem:
Rem =
G ·D
μm
(1.44)
This simple expression only depends on the mixture velocity and properties that are
expressed according to the void fraction α:
ρm = (1− α) · ρl + α · ρv and Re = ρm · j ·D
μl
(1.45)
For homogeneous models, uv = ul leads to α = jv / (jv + jl). For drift-ﬂux models, α
is given by Equation (1.31) or other correlations. For example, Steiner [1993] proposed
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a modiﬁed version of the expression established in the drift ﬂux model of Rouhani and
Axelsson [1970]:
α =
x
ρv
·
[
(1 + 0.12.(1− x) ·
(
x
ρv
+
1− x
ρl
)
+
1.18(1− x).[g.σ.(ρl − ρv)]0.25
G.ρ0.5l
]−1
(1.46)
Separated ﬂow models: this section presents a few classical empirical correlations
that are used to determine τw.
Lockhart-Martinelli correlation: the Lockhart-Martinelli correlation [Lockhart and Mar-
tinelli, 1949] is one of the very ﬁrst available correlations for the prediction of two-phase
friction. The frictional pressure gradient is calculated by multiplying the frictional gra-
dient obtained in single-phase ﬂow (liquid or vapor, with the superﬁcial velocity of each
phase) by a two-phase ﬂow multiplier Φ2l or Φ
2
v:(
dp
dz
)
fric
=
(
dp
dz
)
l
· Φ2l =
(
dp
dz
)
v
· Φ2v (1.47)
where (
dp
dz
)
l
=
2 · fl ·G2 · (1− x)2
ρl ·D(
dp
dz
)
v
=
2 · fv ·G2 · x2
ρv ·D
(1.48)
The single-phase friction factors fl and fv can be calculated with classical expressions
of Equation (1.41), with the corresponding liquid or vapor properties.
Equivalent correlations can be determined when considering that each phase ﬂows alone
in the tube at the mixture velocity (G) and not at its own superﬁcial velocity (G.(1−x)/ρl
or G.x/ρv). In this case, a subscript ”o” is added, and the deﬁnition of the single-phase
frictional gradients and Reynolds number (for the friction factor calculation) change a
little. (
dp
dz
)
fric
=
(
dp
dz
)
lo
· Φ2lo =
(
dp
dz
)
vo
· Φ2vo (1.49)
where (
dp
dz
)
lo
=
2 · flo ·G2
ρl ·D(
dp
dz
)
vo
=
2 · fvo ·G2
ρv ·D
(1.50)
and the calculations of the friction factors are related to:
Rel =
G · (1− x) ·D
μl
Rev =
G · x ·D
μv
Relo =
G ·D
μl
Revo =
G ·D
μv
(1.51)
Lockhart and Martinelli [1949] related the two-phase multipliers to the Martinelli pa-
rameter X (Equation (1.52)) as shown in Figure 1.3. Since the multipliers depend on
whether the single-phase (liquid or vapor) ﬂow is laminar or turbulent, there are four
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curves for the correlation.
X =
⎡
⎢⎢⎢⎢⎣
(
dP
dz
)
l(
dP
dz
)
v
⎤
⎥⎥⎥⎥⎦
1/2
(1.52)
Figure 1.3: Lockhart and Martinelli [1949] friction correlation
Chisholm [1967] correlated the curves of Lockhart and Martinelli [1949] with the follow-
ing relationships, where the constant C depends on the ﬂow structure. Recommended
values of C from the same article are given in Table 1.3.
Φ2l = 1 +
C
X
+
1
X2
Φ2v = 1 + C ·X +X2
(1.53)
Liquid Vapor C
(tt) turbulent turbulent 20
(lt) laminar turbulent 12
(tl) turbulent laminar 10
(ll) laminar laminar 5
Table 1.3: Recommended values of C for Equation (1.53)
Lockhart and Martinelli [1949] also developed a correlation for the void fraction whose
expression is needed for the calculation of the total pressure gradient:
α = 1−
(
1
Φ2l
)1/3
(1.54)
The Lockhart-Martinelli correlation provides a good prediction for μl/μv > 1000 and
G > 100kg.s−1.m−2.
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Chisholm correlation: for cases where μl/μv > 1000 and G > 100kg.s
−1.m−2, a better-
suited correlation was proposed by Chisholm [1973]. This correlation, given by Equation
(1.56), is related to the Chisholm parameter Y :
Y =
⎡
⎢⎢⎢⎢⎣
(
dp
dz
)
lo(
dp
dz
)
vo
⎤
⎥⎥⎥⎥⎦
1/2
(1.55)
Φ2lo = 1 + (Y
2 − 1) ·
[
B · x(2−n)/2 · (1− x)(2−n)/2 + x2−n
]
(1.56)
where n is the exponent of the Reynolds number in the expression of the friction factor
(meaning that n = 1 for laminar ﬂow and n = 1/4 for turbulent ﬂow) and where B is a
parameter given by:
B =
⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩
55√
G
if 0 < Y < 9.5
520
Y · √G if 9.5 < Y < 28
15000
Y 2 · √G if Y > 28
(1.57)
Friedel correlation: for cases where μl/μv < 1000, Friedel [1979] developed another
correlation using a database of 25,000 points to provide a better description of two-
phase pressure drops.
Φ2lo = C1 +
3.24 · C2
Fr0.0045 ·We0.0035 (1.58)
where the Froude and Weber numbers are calculated with the mass ﬂux G and the
constants C1 and C2 are deﬁned as:
C1 = (1− x)2 +X2 ·
(
ρl
ρv
)
·
(
flo
fvo
)
C2 = x
0.78 · (1− x)0.24 ·
(
ρl
ρv
)0.91
·
(
μv
μl
)0.19
·
(
1− μv
μl
)0.7 (1.59)
with flo and fvo the single-phase friction factors.
Mu¨ller-Steinhagen and Heck correlation: Mu¨ller-Steinhagen and Heck [1986] proposed a
simple empirical correlation that expressed the total friction pressure gradient as a func-
tion of the vapor quality, and of a liquid frictional pressure gradient and vapor frictional
pressure gradient (Equation (1.50)), denoted A and B, respectively, and calculated on
the total velocity G/ρk:(
dp
dz
)
fric
= F.(1− x)1/3 +B.x3 where F = A+ 2.(B −A).x (1.60)
Annular ﬂow model with liquid entrainement: Cioncolini and Thome [2009] anal-
ysed many experimental on annular ﬂows in pipe with droplet entrainment and derived
an expression of the wall shear stress:
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τw = fw,l · ρc · u
2
c
2
with fw,l = 0.172 ·We−0.372c for 100 < Wec (1.61)
where the Weber number Wec of the vapor core is this time based on the vapor core
density ρc, velocity uc and diameter Dc.
Dc = D ·
√
α.
x · ρl + e · (1− x) · ρv
x · ρl
uc =
4
π
· [e · (1− x) + x] · m˙
ρc ·D2c
(1.62)
Void fraction determined by Equation (1.37) and wall shear stress are suﬃcient to cal-
culate the total pressure gradient, according to Cioncolini and Thome [2009].
1.2.3 Interfacial shear stress modelling
In the speciﬁc case of annular ﬂow model, an expression of the interfacial shear stress τi
is needed to calculate the total pressure gradient by using the two-ﬂuid model.
Annular ﬂow model without liquid entrainement: methods for calculating the
interfacial velocity ui and the interfacial friction factor fi are required to determine the
interfacial shear stress τi (the interfacial perimeter Si is calculated with the void fraction
and the tube diameter):
τi = fi · ρv.|uv − ul|.(uv − ul)
2
(1.63)
The liquid interface velocity is selected (in the case of highly turbulent ﬂow): ui = ul.
For the friction factor fi, empirical models are necessary. The most common one is that
of Wallis [1969] developed for pipes of several centimeters ID, assuming that the liquid
ﬁlm is fully turbulent and rough with a roughness equal to the liquid ﬁlm thickness δ:
fi = 0.005 ·
(
1 + 300 · δ
D
)
= 0.005 · [1 + 150 · (1−√α)] (1.64)
The actual liquid and vapor velocities ul and uv are calculated with an iterative method
using the superﬁcial velocities jl and jv (Equation (1.8)). With the wall and interfacial
shear stresses, and the void fraction, the system of two-phase equations can be solved.
Annular ﬂow model with liquid entrainement: the calculations of the interfacial
shear stress is impacted if the entrainment and deposition of liquid droplets are taken
into account. If an entrained liquid fraction αle is considered, the expression of τi must
be written according to αle, as shown in Equation (1.27) (whereas the calculation of τw
is the same as for the case without entrainment).
1.2.4 Heat transfer coeﬃcients
For purposes of clarity, the following notations are used: the wall heat ﬂux delivered to
the ﬂuid through the wall is denoted q (instead of qw); it is related to a heat transfer
coeﬃcient h that appears in the expression of the corresponding Nusselt number Nu.
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Single-phase ﬂow: typically, for forced convection, the Nusselt number is a function
of the Reynolds number Re and the Prandtl number Pr. In laminar ﬂow for circular
pipes, the local Nusselt number is a constant whose value depends on the surface thermal
condition (Nu = 4.36 at ﬁxed wall heat ﬂux q or 3.66 at ﬁxed wall temperature Tw).
Two main empirical correlations are described here for turbulent ﬂow.
Dittus-Boelter equation: Dittus and Boelter [1930] proposed a simple explicit function
for calculating the Nusselt number when forced convection is the only mode of heat
transfer. The correlation is applicable in smooth straight circular pipes, for a location
far from the pipe entrance (L/D  10) and its accuracy is anticipated to be ± 15 %.
When the ﬂuid is heated, the Dittus-Boelter equation deﬁnes the Nusselt number as:
Nu =0.023 ·Re4/5 · Pr0.4
for 104 < Re and 0.6  Pr  160
(1.65)
Gnielinski correlation: the eﬀects of wall roughness and transitional ﬂow conditions
may be considered by using the correlation developed by Gnielinski [1976] which is more
precise. As the Dittus-Boelter equation, the Gnielinski correlation only applies to fully
developed heat transfer conditions.
Nu =
(f/2) · (Re− 1000) · Pr
1 + 12.7 · (Pr2/3 − 1) ·√f/2
for 3000 < Re < 5 · 106 and 0.5  Pr  2000
(1.66)
where the Fanning friction factor is best calculated with the Colebrook correlation (Equa-
tion (1.40)) or an approximation in the case of smooth tube:
f = 4 · (0.790 · lnRe− 1.64)−2 (1.67)
Correction for entrance eﬀects: previous correlations only apply for fully thermally
developed ﬂows, for locations far from the entrance of the tube (in cases where L/D 
10). When the ﬂow is not thermally developed, the value of the actual Nusselt number
Nua is larger than the value of the Nusselt number in the fully thermally developed
ﬂow Nu∞ because of the development of the thermal boundary layer. Al-Arabi [1982]
proposed a correlation to correct the entrance eﬀects:
Nua
Nu∞
= 1 +
(z/D)0.1
Pr1/6
.
(
0.68 +
3000
Re0.81
)
z/D
(1.68)
where z is distance between the tube entrance and the location corresponding to the ac-
tual Nusselt number Nua. The fully developed Nusselt number Nu∞ obtained with the
correction can be compared to empirical correlations such as the Gnielinski correlation.
Flow boiling in steady state: two important heat transfer mechanisms are taken
into account in steady ﬂow boiling models: nucleate boiling heat transfer (hnb) and
convective boiling heat transfer (hcb). The global heat transfer coeﬃcient h is often
expressed as a combination of these two heat transfer terms. Some of the correlations
that can be applied to refrigerant ﬂow in vertical tubes are discussed here (this list is
far from being exhaustive).
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Chen correlation: the correlation proposed by Chen [1966] for saturated boiling condi-
tions was extended to include subcooled boiling, which makes it very simple to apply
and broadly used. The Chen correlation deﬁned the heat transfer coeﬃcient h as a
combination of the nucleate boiling and convective single-phase terms weighted by two
dimensionless factors:
h = S · hnb + F · hl (1.69)
where S is a supression factor that reduces the contribution of nucleate boiling and F is
a two-phase ampliﬁcation factor that increases the weight of convective boiling due to
the presence of vapor, both depending on the Martinelli parameter X.
F (X) =
⎧⎪⎪⎨
⎪⎪⎩
2.35 ·
(
0.213 +
1
X
)0.736
if
1
X
> 0.1
1 else
S(X) =
1
1 + 2.53 · 10−6.
(
G ·D · (1− x) · F (X)1.25
μl
)1.17
(1.70)
The single-phase heat transfer coeﬃcient hl is calculated with the common turbulent
ﬂow correlations (Dittus-Boelter or Gnielinski correlations) whereas the correlation of
Forster and Zuber [1955] for nucleate pool boiling can be used to determine hnb:
hnb = 0.00122 ·
[
λ0.79l · Cp0.45l · ρ0.49l
σ0.5 · μ0.29l · h0.24l,v · ρ0.24v
]
· (Tw − Tsat)0.24 · (p− psat)0.75 (1.71)
where p is the saturation pressure at the wall temperature Tw.
The Chen correlation is more adapted to water ﬂow. When working at high Prandtl
numbers Pr  1 (with refrigerants, for example), Chen and Bennett [2004] recommend
to multiply the convective multiplier factor F by Pr0.296.
Gungor and Winterton correlation: a modiﬁed form of the Chen correlation applicable
for vertical tubes was proposed by Gungor and Winterton [1986] who worked on refriger-
ants and water datasets. In this equation, the two-phase convective enhancement factor
F is replaced by an other dimensionless factor that depends on the boiling number Bo
and the Martinelli parameter X:
hconv = hl ·
[
1 + 3000 ·Bo0.86 +
(
x
1− x
)3/4
·
(
ρl
ρv
)0.41]
(1.72)
Kandlikar correlation: Kandlikar [1990] developed a correlation applicable in saturated
ﬂow boiling for vertical tubes, in which the heat transfer coeﬃcient is considered to
be the larger value between the nucleate boiling term and the convective term. Unlike
the Chen correlation, it uses the boiling number Bo to determine the nucleate boiling
contribution.
h = hl · [C1 · CC20 + C3 ·BoC4 · FK ] (1.73)
where hl is calculated with usual turbulent single-phase ﬂow correlations with the veloc-
ity jl. FK is a constant that can be adapted to suit the working ﬂuid (for refrigerants,
FK  1.2 - 1.4). C0 is a convection number used to determine the main contribution
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term. Constants C1 to C4, given in Table 1.4, therefore depend on the value of C0.
C0 =
(
1− x
x
)0.8
·
√
ρv
ρl
(1.74)
nucleate boiling region convective boiling region
C0 > 0.65 C0 < 0.65
C1 0.6683 1.1360
C2 -0.2 -0.9
C3 1058.0 667.2
C4 0.7 0.7
Table 1.4: Values of the constants in the Kandlikar correlation
The Kandlikar correlation can not be applied to subcooled boiling conditions (with low
vapor qualities) but it is interesting in saturated boiling since it is based on data with
various ﬂuids including refrigerants.
Kim and Mudawar correlation: Kim and Mudawar [2013] recently proposed a new gen-
eralised correlation that is constructed by superpositioning the contributions of nucleate
boiling and convective boiling:
h =
√
h2nb + h
2
cb
hnb = hl.
[
2345.Bo0.7.
p
pcrit
0.38
.(1− x)−0.51
]
hcb = hl.
[
5.2Bo0.08.We−0.54lo + 3.5 ·
(
1
X
)0.94
·
(
ρv
ρl
)0.25] (1.75)
where hl is the single-phase heat transfer coeﬃcient calculated with the Dittus-Boelter
correlation using superﬁcial velocities, while Welo is calculated with G/ρl. This corre-
lation is shown to provide good predictions against several pre-dryout databases.
Sun and Mishima correlation: Sun and Mishima [2009] established a correlation where
the heat transfer coeﬃcient is expressed as a function of the liquid Reynolds number
Relo and the boiling number Bo. The equation also takes into account the eﬀect of the
liquid Weber number Welo:
h =
6 ·Re1.05lo ·Bo0.54
We0.191lo · (ρl/ρv)0.142
· λl
D
(1.76)
Unlike most of the other correlations, this prediction method does not depend on the
vapor quality. Indeed, the datasets on which it is based mostly correspond to experi-
mental conditions where nucleate boiling is predominant.
Kew and Cornwell correlation: another modiﬁed correlation using the liquid only Reynolds
number Relo and the boiling number Bo was proposed by Kew and Cornwell [1997] to
ﬁt their database where convective boiling is the dominant heat transfer mechanism.
They included a dependency of the heat transfer coeﬃcient on the vapor quality x:
h = 30.Re0.857lo .Bo
0.714 ·
(
1− x
x
)0.143
· λl
D
(1.77)
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Annular ﬂow model: Cioncolini and Thome [2011] proposed a heat transfer model
based on the evaporation of the liquid ﬁlm in annular ﬂow. They use an algebraic eddy
viscosity model for describing the velocity proﬁle in the turbulent liquid ﬁlm in this
model.
The liquid ﬁlm thickness δ is estimated by:
δ = y∗.max
⎡
⎣
√
2.Γ∗lf
R∗
; 0.0066.
Γ∗lf
R∗
⎤
⎦ (1.78)
where y∗ is the viscous length scale, R∗ is the dimensionless tube radius and Γ∗lf is the
dimensionless mass ﬂow rate in the liquid ﬁlm:
y∗ =
νl
u∗
R∗ =
D
2.y∗
Γ∗lf =
(1− e).(1− x).G.π.D2
8.π.ρl.u∗.y∗2
and u∗ =
√
τw
ρl
(1.79)
The heat transfer coeﬃcient is given according to the liquid ﬁlm thickness and wall
friction:
h =
λl
δ
0.0776.(δ+)0.9.P r0.52 with δ+ =
δ
y∗
for 10 < δ+ < 800 and 0.86 < Pr < 6.1
(1.80)
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1.3 Two-phase ﬂow in pipe under microgravity conditions
In the past forty years, space applications and new microgravity facilities have simulated
the development of gas-liquid and vapor-liquid ﬂows research under microgravity condi-
tions, along with the fact that reduced gravity two-phase ﬂows adress some fundamental
issues which remain unsolved. The change in the gravity level induces a drastic change
in the force balance between the two phases, in particular with the emergence of the
surface tension inertia and viscous forces as driving forces in low gravity conditions.
Because of practical diﬃculties related to available low gravity environments, data on
ﬂow boiling experiments are very limited, and no cohesive dataset has been build. The
following section presents a concise overwiew of experimental results concerning ﬂow
patterns, void fraction distribution, and pressure drops in adiabatic gas-liquid ﬂow and
/ or vapor-liquid boiling ﬂow in pipe in microgravity (thereafter also referred to as μ−g)
as well as heat transfer coeﬃcients in boiling ﬂows. CHF (Critical Heat Flux) issues are
not addressed here. Further details can be found in the state of the art reviews in the
papers of Colin et al. [1996], Ohta [2003], Celata and Zummo [2009], DiMarco [2012],
Baldassari and Marengo [2013] and Ohta and Baba [2013]. Additional information are
presented at the beginning of the section on the experimental apparatus that provided
microgravity data.
1.3.1 Boiling experiments in microgravity
This section only deals with two-phase ﬂow boiling experiments in circular tubes under
microgravity conditions. Two major datasets are mentioned here, that provided exper-
imental results on ﬂow patterns and heat transfer coeﬃcient as presented thereafter:
the experimental set-ups of Ohta [2003], and of Celata and Zummo [2009]. Another
experiment, designed and built at the University of Maryland (UMD) by Scammell and
Kim is presented in Chapter 2 since it was the subject of a collaboration with IMFT
during this PhD work. These experimental apparatus all ﬂew during parabolic ﬂight
campaigns.
Experiments of Ohta and coworkers: Ohta [2003] performed upward ﬂow boiling
experiments with R113 under microgravity conditions on board the MU-300 japanese
aircraft. Authors designed a test section consisting in a 8mm ID Pyrex glass tube,
transparent, with a thickness of 1mm and coated on the inner wall with a thin gold ﬁlm
( 0.01 μm thickness). This tube is heated by supplying DC current directly through
the coating.
The inner wall temperature, averaged over the heated length, is evaluated by using the
gold ﬁlm as a resistance thermometer. Flow pattern visualisations are simultaneously
possible. For the acquisition of the heat transfer data that are discussed in the papers,
a tube of 100mm length with a heated length of 68mm is used.
More recently, Ohta and Baba [2013] presented experimental results on heat transfer
coeﬃcients under microgravity conditions for boiling ﬂow of FC-72 in 4mm ID tube.
Experiments of Celata and Zummo: Celata and Zummo [2009] built the MICROBO
loop for ENEA in order to study upward ﬂow boiling with FC-72 on board the A300
ZERO-G. They also used vertical Pyrex test sections with 6mm or 4mm internal diameter
(and thicknesses between 1.5 and 1mm), with a heated length of 165mm. In the Pyrex
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Figure 1.4: Experimental test section designed by Ohta [2003]
tubes, the ﬂuid is heated by electrical tape helically twisted on the external surface of
the pipe and later by an external ITO semi-transparent resistive layer. One of these test
sections is illustrated in Figure 1.5.
Figure 1.5: Test section of the experimental MICROBO loop
[Celata and Zummo, 2009]
All these experimental set-ups use refrigerants as working ﬂuids. Despite some diﬀer-
ences (on the saturation temperature for example), these ﬂuid properties are rather
similar, and due to restrictions related to parabolic ﬂight campaigns, the ranges of ﬂow
parameters are also very close, which makes possible a careful comparison of experimen-
tal data.
1.3.2 Flow patterns
Pressure drops and heat transfer are closely related to the ﬂow structure. For that
reason, the variety of ﬂow patterns encountered in two-phase ﬂow is a very important
feature, and the prediction of these ﬂow patterns is crucial for describing hydrodynamical
and thermal mechanisms.
Flow patterns characterization: Most of the experimental results on ﬂow patterns
in microgravity are based on a qualitative approach which uses direct observations from
high speed photography or video techniques. The classiﬁcation is easy to accomplish
in this way since it only requires a careful observation, but it is sometimes subjective,
especially for the case of transition ﬂows. Additional methods based on quantitative
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criteria typical of each ﬂow pattern (on the void fraction or bubble size for example) can
hardly be used because of the measurement techniques.
Several studies with and without phase change have been carried out under microgravity
conditions in the last decades. Experiments performed by means of a drop tower are
not presented here since they only provide a few seconds of low gravity that does not
allow a steady state to establish. The working ﬂuids are mostly air and water or boiling
refrigerants (R112, R113, R114, FC-72, HFE-7000...).
− in the 90’s and early 2000’s, adiabatic gas-liquid ﬂows were mainly investigated (Duk-
ler et al. [1988], Colin et al. [1991], Colin et al. [1996], Huckerby and Rezkallah [1992],
Zhao and Rezkallah [1993], Bousman et al. [1996], Zhao et al. [2001]...);
− more recently, convective boiling experiments have been performed for heat transfer
smaller than the critical heat ﬂux (Ohta [2003], Celata and Zummo [2009], Kim et al.
[2012], Ohta and Baba [2013]...).
The same ﬂow patterns are observed in adiabatic gas-liquid ﬂow, condensing ﬂow and
convective boiling ﬂow below the CHF, both in normal gravity and microgravity: bub-
bly, slug / intermittent and annular ﬂows (Figure 1.6). The main diﬀerence between
adiabatic and boiling ﬂows is the nucleation of bubbles at the wall and the constant
evolution of void fraction and vapor quality along the heated tube for boiling ﬂow.
Figure 1.6: Bubbly ﬂow, intermittent ﬂow and annular ﬂow in microgravity -
boiling R113 ﬂow in a 8mm ID tube [Ohta, 2003]
A qualitative description of the previously mentioned ﬂow patterns under microgravity
conditions is presented here:
· at low void fraction, bubbly ﬂow occurs. Small bubbles of a few millimeters appear at
high liquid velocity and low vapor velocity; their motion is rectilinear, and the shape
tends to be spherical since interfacial forces are predominant on inertial and buoyancy
forces. The size of these bubbles is mainly controlled by coalescence, which leads to
larger bubbles as the void fraction or vapor quality increases;
· at higher void fractions corresponding to slug ﬂow, these bubbles coalesce into cylin-
drical bubbles with a smooth interface and a spherical shaped nose, known as Taylor
bubbles. They are separated by liquid slugs that contain smaller spherical bubbles (as
can be seen in Figure 1.7) moving nearly at the same velocity than the cylindrical bub-
bles.
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Figure 1.7: Slug ﬂow in microgravity - boiling FC-72 ﬂow in a 4mm ID tube [Celata
and Zummo, 2009]
The bubbles in between the liquid slugs are the residues of the initial bubbles that
where nucleated at the heated wall, whereas they are more irregular and created by gas
entrainment at the rear of the cylindrical bubbles in normal gravity.
· as the gas velocity increases, the liquid slug length decreases until they are short enough
to collapse. The resulting ﬂow pattern consisting in the liquid ﬂowing at the wall in the
form of a ﬁlm and gas or vapor ﬂowing in the centre is similar to annular ﬂow. A
ﬂow pattern corresponding to a transition between slug ﬂow and annular ﬂow, often
called frothy slug-annular ﬂow [Zhao and Rezkallah, 1993], can occur at the highest gas
superﬁcial velocities: the gas core breaks up and frothy slugs containing many small
bubbles appear. In annular ﬂow, when the gas velocity is very high, the interface
becomes wavy and droplets can be entrained in the gas core.
Transitions: since the modelling of shear stresses and heat transfer depends on the ﬂow
pattern, special attention has to be paid to the prediction of the transitions between the
ﬂow patterns.
Transition between bubbly ﬂow and slug ﬂow: various models exist for the prediction
of the transition from bubbly to slug ﬂow. Some are based on a critical value of the
void fraction α [Colin et al., 1991, Dukler et al., 1988] or a critical value of the Weber
number [Zhao and Rezkallah, 1993] that can be written according to the void fraction.
Since the void fraction is seldom declared in two-phase experiments (due to measurement
diﬃculties and a lack of data), other criteria may be relevant, such as the criteria based
on the Suratman number Su = 1/Oh2 (Equation (1.17)) proposed by Jayawardena et al.
[1997] or the evolution of the bubble size along the tube [Kamp et al., 2001, Riou et al.,
2008, Takamasa et al., 2003]...
The transition from bubbly to slug ﬂow is very progressive with an increase in the bubble
size which results from a coalescence mechanism along the tube. For gas-liquid ﬂows
[Bousman et al., 1996, Colin et al., 1991] and vapor-liquid ﬂows [Lebaigue et al., 1998,
Reinarts, 1993], two regimes of coalescence have been identiﬁed, depending on the value
of an Ohnesorge number Oh based on the ﬂuid properties and the tube diameter, as
expressed in Equation (1.17) [Colin et al., 1996]:
− an inhibiting-coalescence regime with a transition at α  0.45 or x  0.54, for an
Ohnesorge number Oh > 8 104;
− a promoting-coalescence regime with a transition at α  0.20 or x  0.24, for an
Ohnesorge number Oh < 8 104.
Measurements of bubble size have been performed in order to build a mechanistic model
of the bubble coalescence in a turbulent ﬂow; coalescence is indeed responsible for the
transition to slug ﬂow, and, according to Kamp et al. [2001], it is promoted by turbulence
when the bubble size is smaller than the integral length scale of turbulence (typically
D/4). When the bubble size is larger than this integral length scale, turbulence is not
eﬃcient enough anymore to promote coalescence. In this case, the source of bubble colli-
sion and coalescence is the mean shear of the ﬂow [Riou et al., 2008] and the coalescence
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rate is much smaller. The ratio of the bubble size to the tube diameter is the relevant
parameter to distinguish the two regimes of coalescence. Zhao [2005] also proposed the
ratio of the initial bubble diameter to the tube diameter as a criteria for the void frac-
tion at the transition, but the length of the tube must be taken into account in order to
correctly predict the evolution of bubble size along the pipe.
Transition between slug ﬂow and annular ﬂow: the transition from slug to annular ﬂow
has been investigated by several authors including Dukler et al. [1988], Huckerby and
Rezkallah [1992] and Bousman and Dukler [1994]. Based upon experimental results,
diﬀerent approaches have been considered to predict this transition:
− according to Dukler et al. [1988], the void fraction calculated from the slug ﬂow
model and the void fraction calculated from the annular ﬂow model must be equal at
the transition;
− Zhao and Rezkallah [1993] assume that the transition occurs at a critical value of a
Weber number based on the gas properties and superﬁcial velocity;
− Zhao and Hu [2000] propose an other approach similar to that of Reinarts [1993]: they
assume that the transition occurs if the impulsive force due to gas inertia is suﬃcient to
overcome the surface tension force which maintains the spherical shape of nozzle of the
elongated bubbles. This model should be able to reproduce the transition observed for
air-water ﬂow in microgravity, liquid-liquid ﬂows in normal gravity and air-water ﬂow
in small tube in normal gravity. However, it includes two constants that have to be
adjusted to ﬁt experimental data.
Flow pattern maps: Flow pattern maps are drawn to identify the ﬂow patterns that
exist under diﬀerent operating conditions and to predict the transitions between one
type of ﬂow pattern to another type. Properties of the gas / vapor phase and liquid
phase have to be incorporated in order to generalize the map and compare maps with
diﬀerent ﬂuids.
Various type of ﬂow pattern maps: ﬂow pattern data are sometimes plotted as a function
of exit vapor quality xout and mass ﬂux G, like in Figure 1.8.
Figure 1.8: Microgravity ﬂow pattern data - boiling FC-72 ﬂow in a 6mm ID tube
[Celata and Zummo, 2007]
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Nevertheless, the thermodynamical vapor quality (which is negative for subcooled regimes)
cannot be used to calculate the superﬁcial velocities of liquid and vapor, which explains
that some ﬂow pattern maps are plotted versus G and x rather than jv and jl
Indeed, the most commonly used ﬂow pattern map is given according to the gas and
liquid superﬁcial velocities jg and jl. Previously discussed transition criteria can be
plotted on this type of map under the form of isocurves for the vapor quality or the void
fraction, as can be seen in Figure 1.9 that is derivated from Dukler’s microgravity ﬂow
pattern map. In the same way, ﬂow pattern maps based on Weber numbers or on the
Suratman number can illustrate diﬀerent transition criteria.
Recent two-phase boiling ﬂow pattern data: since this study focuses on ﬂow boiling ex-
periment, only boiling ﬂow pattern results are presented here (details of corresponding
experimental set-ups have been provided at the beginning of the section). Neverthe-
less, available data are compared to the microgravity gas-liquid ﬂow pattern map and
transition criteria established by Dukler et al [Colin et al., 1991, Dukler et al., 1988].
Ohta [1997] studied ﬂow boiling of Freon 113 inside 8mm ID tube, and observed bubbly,
intermittent and annular ﬂows. For subcooled conditions, an evolution from bubbly ﬂow
at the inlet of the tube to frothy-annular ﬂow at the outlet is observed in normal gravity,
whereas an important increase in the void fraction promotes the transition to annular
ﬂow at lower quality in microgravity. For moderate inlet vapor qualities, annular ﬂow
is observed along the entire tube lenght both for 1 − g and μ − g, but the turbulence
in the annular liquid ﬁlm is reduced in the case of microgravity measurements. At
high vapor qualities, the ﬂow pattern is almost independent from the gravity level.
More recently, Ohta [2003] performed experiments of ﬂow boiling of R113 in a 8mm
ID vertical transparent tube internally coated with a gold ﬁlm, and observed bubbly,
slug and annular ﬂows. In his ﬂow pattern map, the ﬂow pattern is annular for a void
fraction α > 0.8 which is consistent with Dukler’s transition from slug to annular ﬂow
in air-water ﬂow.
Celata and Zummo [2007, 2009] carried out experiments with boiling FC-72 in Pyrex
tubes of 2, 4 and 6mm internal diameters. They observed bubbly, bubbly-plug, plug and
intermittent ﬂows (due to a lack of power, they failed to reach higher vapor qualities and
annular ﬂow). Their data were plotted on various ﬂow pattern maps including a map
with the transitions established by Dukler et al. (Figure 1.9). The authors underline
that the inﬂuence of the gravity level on ﬂow pattern decreases with an increasing mass
ﬂux: at higher mass ﬂux (examples are provided for G = 355 kg.s−1.m−2) no visible
diﬀerence can be observed.
According to their experimental results, bubbly ﬂow occurs both in the subcooled ﬂow
boiling region and in the near zero quality area for saturated ﬂow boiling region. An
increase in the vapor quality leads to two types of intermittent ﬂow: slug ﬂow is observed
for G < 230 kg.s−1.m−2 while a more disordered ﬂow occurs for G > 230 kg.s−1.m−2.
This boundary value of G corresponds to a Reynolds number that is very close to the
region of transition from laminar to turbulent ﬂow in single-phase ﬂow. Celata and
Zummo [2009] propose a modiﬁed criteria for the bubbly-slug ﬂow transition that is not
correctly predicted by Dukler’s ﬂow pattern map for boiling ﬂow in larger tubes. They
postulate that this transition occurs at a maximum value of α = 0.74, which is a much
higher value than usually observed for air-water ﬂows. This modiﬁcation, showed in
Figure 1.9 with the dashed line, makes the ﬂow pattern proposed by Dukler et al a good
prediction tool for low gravity data ﬂow pattern for the 6mm tube. No annular data is
available to discuss the transition from slug ﬂow to annular ﬂow.
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Figure 1.9: Microgravity ﬂow pattern data compared with Dukler’s predictions -
boiling FC-72 ﬂow in a 6mm ID tube [Celata and Zummo, 2007]
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1.3.3 Void fraction and ﬁlm thickness
Along with the vapor quality x, the void fraction α is an important ﬂow parameter to
calculate the mean liquid and vapor velocities ul and uv. Several authors have pub-
lished microgravity data concerning either void fraction or averaged gas velocity and
ﬁlm thickness. However, these measurements remain diﬃcult, and a lack of cohesive
data can be reported in two-phase ﬂow. Diﬀerent methods can be used to measure the
cross-sectional averaged void fraction: conductance probes [Bousman and Dukler, 1994,
Colin et al., 1991], capacitance probes [Elkow and Rezkallah, 1997] or ﬂow visualisations
[Lebaigue et al., 1998].
Void fraction in bubbly and slug ﬂows: for subcooled regimes corresponding to
bubbly and slug ﬂows, the mean gas velocity ug in μ − g is well predicted by a drift
ﬂux model (Equation (1.31)) for gas-liquid ﬂows [Colin et al., 1991]: the microgravity
coeﬃcient C0 is approximately equal to 1.2 for a 4cm ID pipe and increases as the pipe
diameter increases, which proves that mean drift between gas and liquid phases exists.
For bubbly ﬂow, the concentration of void at the tube axis must be considered to explain
the origin of the mean drift. The local bubble drift velocity is close to zero in micro-
gravity (according to Equation (1.32)) [Colin et al., 2012, Kamp et al., 2001]. The main
issue in bubbly ﬂow is therefore the prediction of the radial void fraction distribution.
An analytical model including the eﬀects of lift force, added mass force and turbulent
dispersion was recently developed to predict the void fraction distribution in upward and
downward ﬂow, both in 1 − g and μ − g. This model clearly points out the role of the
interactions between bubbles and the turbulence of the liquid phase under microgravity
conditions Colin et al. [2012]. For slug ﬂow, the bubble velocity is approximately equal
to the local liquid velocity at the pipe center, which is 1.2 times the mean liquid velocity
in a turbulent pipe ﬂow.
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Void fraction and ﬁlm thickness in annular ﬂow: the determination of the liquid
ﬁlm thickness from the void fraction measurements in annular ﬂow is crucial for the
characterisation of shear stresses and heat transfers. Film thickness data have mostly
been acquired in gas-liquid ﬂows without phase change.
Bousman [1995] measured liquid ﬁlm thicknesses using conductive probes and cross-
correlated signals to obtain velocities. Bousman and Dukler [1994] placed four sets of
probe around the tube and determined that the annular liquid ﬁlm is axisymmetric
in microgravity. With a ﬁfth sensor located downstream the other ones, they put in
evidence the presence of large disturbances or roll waves, and showed that large liquid
velocities increase the averaged ﬁlm thickness while high gas ﬂow velocities decrease it.
These authors also pointed out the eﬀects of liquid viscosity and surface tension on the
wave structure and ﬁlm thickness.
Wang et al. [2004] analysed the structure of the liquid ﬁlm by using a conductive probe
made of two parallel small wires going through the pipe section. Results obtained in
vertical upward ﬂow were compared between normal gravity and microgravity. It was
found that the wave height and the relative interfacial roughness both decrease with
increasing gas Reynolds numbers; in μ − g, they are less than half the corresponding
values in 1− g.
Ohta [2003] also observed for air-water ﬂows and for boiling R113 ﬂows a decrease
in the wave disturbances in microgravity by comparison to normal and hypergravity
conditions. At low vapor quality, the frequency of passing disturbances waves increases
with gravity. The author developed an analytical model to calculate the velocity and
temperature proﬁles in the liquid ﬁlm and found that the ﬁlm thickness is larger in μ−g
than in 1− g or 2− g, for qualities x < 0.8 and moderate mass ﬂuxes.
Additional experiments are therefore needed to provide accurate measurements of the
liquid ﬁlm thicknes and detailed description of the ﬁlm structure (interfacial waves,
droplet entrainment...).
1.3.4 Two-phase pressure drop and shear stresses
In microgravity ﬂows without phase change (or droplet entrainment in annular ﬂow), the
friction at the wall is directly related to the pressure drop (since the gravitational and
acceleration terms of the total pressure gradient are negligible). The interfacial shear
stress is more diﬃcult to measure since it requires a good accuracy on both the pressure
drop and the void fraction measurements.
Most of the studies performed under microgravity conditions concern gas-liquid ﬂows
without phase change [Bousman and McQuillen, 1994, Colin et al., 1996, Zhao et al.,
2001, Zhao and Rezkallah, 1995]. Few experimental results also exist for vapor-liquid
ﬂows [Chen et al., 1991] but in an adiabatic test section downstream the heated section.
For bubbly ﬂow: Colin et al. [1996] presented experimental data for air and water
in bubbly and slug ﬂow for tubes of diﬀerent diameters. In bubbly ﬂow, they pointed
out that the friction factor is well predicted by the single phase ﬂow correlation of
Blasius (Equation (1.41)) for a liquid Reynolds number 20,000 < Rel < 70,000. Blasius
correlation tends to underestimate the friction factor when Rel is smaller than 20,000,
which may be explained by the fact that a decreasing Reynolds number results in an
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increase in the thickness of the viscous layer and that the presence of large bubbles
aﬀects this layer near the tube wall.
Zhao [2010] proposed an expression of the wall friction factor according to a Reynolds
number Retp based on the mixture velocity and liquid viscosity: ftp = A · Retp where
A is a parameter that depends on the range of Reynolds number and is empirically
determined, as shown in Figure 1.10. The agreement with experimental data is better
than with the Blasius correlation for Reynolds numbers between 6,000 and 30,000.
Figure 1.10: Pressure drop of two-phase bubbly ﬂow in microgravity [Zhao, 2010]
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For slug and annular ﬂows: the frictional pressure drop for slug and annular ﬂows
has been compared to various empirical models (such as the Lockhart-Martinelli corre-
lation, the homogeneous model... presented in Section 1.2) [Chen et al., 1991, Zhao and
Rezkallah, 1995]. Recently, Awad and Muzychka [2014] and Fang et al. [2012] proposed
a modiﬁed expression of the two-phase multiplier of the Lockhart-Martinelli correlation
which gives a good agreement with experimental data.
Φ2l =
[
1 +
(
1
X2
)n]1/n
with n = 2/7 for a robust calculation
(1.81)
Although these correlations provide a reasonable estimation of the pressure drop, a two-
ﬂuid model has to be used to correctly reproduce the dynamics of annular ﬂow and
predict ﬁlm thickness and ﬂow velocities. As discussed in the previous section about
models and correlations, it is possible to calculate both the wall shear stress and the
interfacial shear stress by measuring the pressure drop and void fraction at the same
time.
Bousman and Dukler [1993] determined the interfacial shear stress and developed rela-
tionships for the interfacial friction factor versus the void fraction in microgravity.
fi
fg
= 211.4− 245.9α (1.82)
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More recently, some studies have focused on the analysis of the annular ﬁlm structure
(ﬁlm thickness, interfacial waves). Wang et al. [2004] related the interfacial friction
factor to the roughness of the interface that increase together. Ohta [2003] reported
smaller values of the interfacial friction factor in microgravity than in normal gravity
for moderate mass ﬂuxes, with his model using a Froude number calculated on the mass
ﬂux G:
fi,1g
fi,μg
= 1 + 0.08 ·
(
1− x
x
)0.9
· Fr−1 (1.83)
Very few measurements exist in microgravity because of pratical diﬃculties related to
simultaneous measurements of pressure drop and void fraction, and work has still to be
done to conﬁrm the existing results or models.
1.3.5 Heat transfer coeﬃcient
Technical restrictions related to reduced gravity environments (such as low available
power or short duration of microgravity conditions during parabolic ﬂights) make the
number of existing researches on ﬂow boiling heat transfer rather small. Few data are
available and when the heat transfer coeﬃcient measured in μ− g is compared with the
values obtained in 1 − g, two conﬂictive trends are highlighted: in some experiments,
there is an enhancement of the heat transfer coeﬃcient in microgravity, and in other
ones, there is a deterioration of the heat transfer coeﬃcient. Operating conditions are
not clearly speciﬁed and no cohesive dataset has been highlighted.
Experimental observations: recent experimental results obtained by Japanese, Eu-
ropean and American teams in parabolic ﬂights are presented here. Microgravity two-
phase ﬂow research for phase change of a single ﬂuid component before 1994 is not
treated in this section but further information can be found in the papers of Papell
[1962], Feldmanis [1966], Reinarts et al. [1992] and Ohta et al. [1994].
Saito et al. [1994] carried out water ﬂow boiling experiments in a horizontal annulus with
a central heater rod during parabolic ﬂights. In normal gravity for low and moderate
mass ﬂuxes, stratiﬁed ﬂow occurs whereas under microgravity conditions, bubbles hardly
detach from the heater rod due to the reduction of buoyancy; they ﬂow along the rod and
grow due to heating and / or coalescence, becoming larger and surrounding the heater
downstream. Large diﬀerences in the ﬂow regimes are observed between 1− g and μ− g
in the case of low inlet ﬂuid velocity, high heat ﬂux and low inlet ﬂuid subcooling.
However, the diﬀerences in the local heat transfer coeﬃcient remain very small.
Lui et al. [1994] performed heat transfer experiments in subcooled ﬂow boiling with
R113 in tubular 12mm ID test section. Subcooled boiling heat transfer is enhanced
under microgravity conditions, with heat transfer coeﬃcients 5 to 20 % higher in μ− g
and generally increasing with higher qualities, as can be seen in Figure 1.11. The greater
movement of vapor bubbles on the heater surface in 1-g cause more localised turbulences,
which is believed to be responsible for the increased heat transfer coeﬃcients.
Ohta [2003] studied ﬂow boiling of R113 in a 8mm ID vertical transparent tube, inter-
nally coated with a gold ﬁlm during parabolic ﬂights, for mass ﬂuxes 150 kg.s−1.m−2
< G < 600 kg.s−1.m−2 and heat ﬂuxes 0.25 W.cm−2 < q < 12 W.cm−2. As previously
mentioned, authors examined bubbly, slug and annular ﬂows. No gravity eﬀects were
observed at high mass ﬂuxes G or at high vapor quality x. In bubbly and slug ﬂows
at low vapor quality, the heat transfer coeﬃcient is rather insensitive to gravity level
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Figure 1.11: Percentage diﬀerence between normal gravity and microgravity heat
transfer coeﬃcients [Lui et al., 1994]
despite the important changes in bubble and slug behaviours, proving that the heat
transfer is controlled by nucleate boiling (NB). However, for moderate vapor qualities,
a signiﬁcant deterioration of the heat transfer coeﬃcient is observed in microgravity, in
the two-phase forced-convection heat transfer regime (TFC), where the nucleate boiling
is completely suppressed.
Celata and Zummo [2009] performed ﬂow boiling experiments in parabolic ﬂights with
FC-72 in transparent Pyrex tubes of 2, 4 and 6mm internal diameters. They collected
a signiﬁcant dataset of heat transfer coeﬃcients and ﬂow patterns observations in low
and normal gravity. In bubbly and slug ﬂows, microgravity leads to a larger bubble size
which is accompanied by a deterioration of the heat transfer coeﬃcient. For moderate
vapor qualities, the inﬂuence of the gravity level on the heat transfer coeﬃcient tends
to decrease as the ﬂuid velocity increases. For high ﬂuid velocities (u > 25 cm.s−1) or
high vapor qualities (x > 0.3), the inﬂuence of the gravity level can be considered as
negligible.
Baltis et al. [2012] reported experimental results on heat transfer for subcooled FC-
72 ﬂow boiling under various gravity conditions, for 2, 4 and 6mm ID tubes. They
showed that the heat transfer coeﬃcient decreases by up to 40 % in μ − g compared
to terrestrial gravity. Experimental data also point out that an increase of the mass
ﬂux or of the heat ﬂux leads to a decrease of the inﬂuence of gravity level on the heat
transfer coeﬃcient: an increase of inertial forces reduces the inﬂuence of surface forces
acting on bubbles, reducing the eﬀects of gravity. By increasing the heat ﬂux, subcooled
boiling ﬂow becomes closer to the saturated regimes, in which the gravity level has a
small inﬂuence on heat transfer.
Kim et al. [2012] recently developed a new technique for the measurement of heat transfer
distributions by using an IR camera to determine the temperature distribution within a
multilayer consisting in a silicon substrate coated with a thin insulator. Recent parabolic
ﬂight campaigns provided data which point out that the heat transfer coeﬃcient is
smaller in microgravity in the case of nucleate boiling regimes at low vapor quality.
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Ohta and Baba [2013] reported recent measurements performed with FC-72 in 4mm ID
tube for low mass ﬂuxes (G = 40 kg.s−1.m−2 and G = 60 kg.s−1.m−2 and heat ﬂux up
to 1.8 W.cm−2. On this range of mass ﬂuxes, nucleate boiling always occurs in annular
ﬂow (NBA). The heat transfer coeﬃcient is independent of the vapor quality up to the
critical heat ﬂux, as can be seen in Figure 1.12, it increases with the wall heat ﬂux and
is independent of the gravity level.
Figure 1.12: Experimental heat transfer coeﬃcient in normal gravity and microgravity
for very low mass ﬂuxes [Ohta and Baba, 2013]
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Summary of existing data on heat transfer: Ohta and Baba [2013] provide a
summary table drawn in Figure 1.13 with the observed heat transfer modes according
to mass ﬂux, vapor quality and heat ﬂux, with the possible eﬀect of gravity.
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Figure 1.13: Summary of the inﬂuence of gravity on existing heat transfer data in
microgravity [Ohta and Baba, 2013]
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Experimental results from aforementioned studies [Baltis et al., 2012, Celata and Zummo,
2009, Ohta, 2003] can be summarized as follow:
− all studies agree on the fact that heat transfer is not aﬀected by the gravity level for
high mass ﬂuxes or high vapor qualities;
− at low vapor quality in subcooled boiling regimes, nucleate boiling is observed in
bubbly and slug ﬂows. These regimes are sensitive to gravity according to Baltis et al.
[2012] but insensitive according to Ohta [2003];
− at moderate quality and low mass ﬂux, Ohta [2003] found that the heat transfer
decrases in microgravity compared to normal gravity conditions.
Recent experiments were performed at mass ﬂuxes lower than 100 kg.s−1.m−2, and this
is also the objective of the future experiment for ﬂow boiling that was designed to ﬂy
onboard the International Space Station in the Japanese experiment module ”Kibo”.
Measurements will be performed in 4mm ID copper tube or glass tube with inside gold
coating, using FC-72 [Ohta and Baba, 2013].
Regarding measurements in microgravity during parabolic ﬂights, further experiments
have to be carried out in order to complete the existing dataset by carrefuly specifying
the operating conditions and corresponding regimes.
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Conclusion
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The main deﬁnitions and notations related to the description of ﬂow boiling in
tube for wall heat ﬂux lower than CHF have been stated in the beginning of the
chapter. Corresponding balance equations have been presented in a general way for
each phase and under a simpliﬁed form for further use in the data reduction. A
dimensionless analysis also allowed to list the most relevant dimensionless numbers
that are used in the correlations and experimental comparisons.
Closure laws are indeed necessary for the modelling of boiling mechanisms. Various
models are used depending of the ﬂow patterns that can be encountered. A concise
description of these models has been provided, and various correlations have been
presented for the prediction of wall and interfacial shear stresses, and heat transfer
coeﬃcient for each model.
A state of the art review related to microgravity conditions has detailed the few
data available in ﬂow boiling along with considerations in gas-liquid ﬂow, on ﬂow
patterns, void fraction, pressure drops and heat transfer coeﬃcients, the latter
being the most investigated physical quantity in microgravity.
The state of art review highlights a lack of data on some physical quantities un-
der microgravity conditions (such as the void fraction) and a lack of consistency
between available experimental datasets. Since the main goal of this thesis is to
provide a more complete description of ﬂow boiling in microgravity, a new ex-
perimental set-up was designed and built at IMFT to perform simultaneous ﬂow
visualisations and measurements of void fraction, pressure drop and heat transfer
coeﬃcient during parabolic ﬂight campaigns. Aforementioned dimensionless num-
bers and simpliﬁed balance equations are used in the reduction of data provided by
this facility that is presented in the next chapter.

Chapter 2
Experimental set-up and
measurement techniques
The state of art review in Chapter 1 highlights a lack of experimental
data and cohesive dataset on void fraction, wall and interfacial shear
stresses and heat transfer coeﬃcients under microgravity conditions.
For that reason, a new experiment named BRASIL was designed and
built at IMFT in order to perform void fraction, pressure drop and
heat transfer measurements at the same time in microgravity, along
with ﬂow visualisations. The experimental set-up, measurement tech-
niques, data reduction and measurement protocols during parabolic
ﬂight campaign are presented in this chapter. Additional details are
provided with the description of an alternative experimental set-up
which was the subject of a collaboration with American researchers
during this PhD work.
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L’e´tat de l’art pre´sente´ dans le Chapitre 1 met en lumie`re un manque e´vident de donne´es
expe´rimentales cohe´rentes pour la caracte´risation du taux de vide, des frottements
parie´taux et interfaciaux ainsi que des coeﬃcients d’e´change de chaleur en e´bullition
en microgravite´. Un nouveau dispositif expe´rimental, de´nomme´ BRASIL, a donc e´te´
dimensionne´ et construit a` l’IMFT aﬁn d’acque´rir simultane´ment des mesures de taux
de vide, pertes de pression et tempe´ratures, couple´es a` des visualisations de re´gimes
d’e´coulement, le tout dans des conditions de microgravite´ simule´es lors de campagnes
de vols paraboliques. Ce chapitre traite des principales caracte´ristiques de l’expe´rience,
des techniques de mesure, et des protocoles d’acquisition et de traitement des donne´es.
Un second dispositif expe´rimental, sujet d’une collaboration entreprise lors de cette
the`se avec une e´quipe de recherche aux E´tats-Unis, fait l’objet d’une discussion dans
le dernier paragraphe.
Dispositif expe´rimental
L’expe´rience BRASIL (Boiling Regimes in Annular and Slug ﬂow In Low gravity) a e´te´
dimensionne´e aﬁn d’e´tudier des e´coulements bouillants de re´frige´rant dans un tube vertical
chauﬀe´, dans des conditions de microgravite´. Le HFE-7000 a e´te´ choisi comme ﬂuide de
travail, principalement a` cause de son innocuite´ et de ses faibles tempe´rature de saturation
(34◦C a` pression ambiante) et chaleur latente de vaporisation.
Le dispositif est constitue´ d’une boucle diphasique classique, divise´e en deux syste`mes :
un sous-syste`me d’air permettant de re´gler la pression graˆce a` deux souﬄets et un circuit
hydraulique ferme´ destine´ au re´glages des conditions de travail ade´quates a` l’entre´e de la
section d’essai. Dans la boucle hydraulique, le ﬂuide est muˆ par une pompe a` engrenages ;
le de´bit correspondant est mesure´ par un de´bitme`tre a` eﬀet Coriolis avant que le HFE-7000
n’atteigne les pre´chauﬀeurs, ou` il est chauﬀe´ jusqu’a` la tempe´rature de sous-refroidissement
de´sire´e ou partiellement vaporise´ jusqu’a` un titre en vapeur donne´. Apre`s son passage dans
la section d’essai ou` il est de nouveau vaporise´ au contact du tube chauﬀe´, le ﬂuide pe´ne`tre
dans un condenseur compose´ de plusieurs plaques froides incluant des modules Peltier, des
ailettes et des ventilateurs, aﬁn d’eˆtre recondense´ et refroidi avant l’entre´e de la pompe.
La section d’essai elle-meˆme est monte´e en trois parties : un premier segment adiabatique
permet l’e´tablissement dynamique de l’e´coulement ; puis le cœur de l’expe´rience est constitue´
d’un tube de saphir de 6 millime`tres de diame`tre inte´rieur, 1 millime`tre d’e´paisseur et 20
centime`tres de longueur, translucide et recouvert d’un de´poˆt d’ITO d’environ 50 nanome`tres
d’e´paisseur : cette couche d’oxyde conductive permet un chauﬀage uniforme du tube par
eﬀet Joule tout en autorisant une visualisation simultane´e de l’e´coulement a` l’inte´rieur. Enﬁn,
une troisie`me section droite a` la sortie de la partie chauﬀe´e est isole´e aﬁn de fournir des
mesures dans des conditions d’adiabaticite´.
Techniques de mesure
La majorite´ des donne´es est exploite´e a` partir des mesures re´alise´es sur la section d’essai,
mais l’ensemble de la boucle hydraulique est instrumente´e, pour permettre les re´glages des
conditions d’entre´e ou pour des raisons de se´curite´.
Les mesures de tempe´rature se font par l’interme´diaire de thermocouples ou de sondes
platine, qui sont plus pre´cises. Tous les capteurs de tempe´rature sont e´talonne´s en meˆme
temps dans un bain thermostate´ a` l’aide d’une sonde de re´fe´rence. Les thermocouples de
type K sont utilise´s pour mesurer la tempe´rature du ﬂuide en divers points du circuit. Un
thermocouple diﬀe´rentiel de type T sert pour une mesure plus pre´cise de la diﬀe´rence de
tempe´rature entre l’entre´e et la sortie de la section chauﬀe´e. Une sonde platine en sortie de
section d’essai joue le roˆle de re´fe´rence pour les thermocouples dans le liquide tandis que les
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autres sondes Pt100 mesurent la tempe´rature de paroi externe du tube de saphir a` plusieurs
endroits du tube.
Des capteurs de pression absolue permettent de surveiller la pression de fonctionnement
en plusieurs points de la boucle. Des mesures de pression diﬀe´rentielle sont re´alise´es par
l’interme´diaire de trois capteurs Validyne, l’un entre l’entre´e et la sortie de la section chauﬀe´e,
et les deux autres en doublon, sur la partie adiabatique.
La spe´ciﬁcite´ de BRASIL repose sur des sondes capacitives, dimensionne´es et construites
a` l’IMFT, qui permettent d’obtenir des donne´es de taux de vide. Ce capteur mesure la
capacite´ du milieu compris entre deux e´lectrodes de cuivre excite´es a` haute fre´quence,
cette capacite´ e´tant directement proportionnelle a` la permittivite´ du milieu et donc a` la
re´partition volume´trique des phases si l’on conside`re un e´coulement diphasique. Des courbes
d’e´talonnage, obtenues expe´rimentalement en similant diﬀe´rents re´gimes d’e´coulement ou
par simulation nume´rique, sont ensuite utilise´es pour traduire la capacite´ en taux de vide.
Divers capteurs viennent comple´ter l’instrumentation de la boucle, tels qu’un acce´le´rome`tre,
un de´bitme`tre et la came´ra rapide qui permet d’obtenir des ﬁlms d’e´coulement.
Campagnes de mesure
Les campagnes de mesure dans des conditions de microgravite´ sont re´alise´es lors de vols
paraboliques a` bord de l’A300 ZERO-G ge´re´ par la compagnie Novespace. Un vol parabolique
se compose de 31 paraboles pendant lesquelles alternent des phases d’hypergravite´ et de
microgravite´, cette dernie`re correspondant a` 20 - 22 secondes de ”presque” apesanteur a`
± 0,05g. Des donne´es en gravite´ normale sont e´galement acquises lors des phases de vols
stationnaires, avant d’eˆtre comple´te´es par des essais parame´triques au sol, en laboratoire.
Avec trois vols complets, cela fournit donc 93 points par campagne. Ces courts intervalles,
les brusques changements de niveau de gravite´ et le nombre limite´ de points, additionne´s aux
contraintes de se´curite´, repre´sentent des restrictions importantes pour les expe´rimentateurs.
Au total, l’expe´rience BRASIL a participe´ a` quatre campagnes de vols paraboliques avec
Novespace et les agences spatiales franc¸aise et europe´enne, en Mai 2011, Avril 2012, Oc-
tobre 2013 et Avril 2014. Les re´sultats quantitatifs pre´sente´s dans la suite de cette the`se
proviennent des trois dernie`res campagnes.
Expe´rience de l’UMD
Une bourse pour la mobilite´ internationale a permis de de´velopper une collaboration avec
l’e´quipe du Pr. Jungho Kim et son doctorant Alex Scammell qui travaille a` l’Universite´ du
Maryland sur un dispositif expe´rimental similaire a` BRASIL aﬁn d’e´tudier les transferts de
chaleur en e´bullition, dans des conditions de microgravite´. Cette collaboration s’est articule´e
autour de la conception par l’IMFT de sondes de taux de vide adapte´e au banc de l’UMD,
et a` l’organisation d’une campagne de vols paraboliques en France au mois de Mars 2013.
L’expe´rience ame´ricaine se sert d’une came´ra infrarouge pour eﬀectuer des mesures locales
de tempe´rature a` la paroi interne d’un tube de silicium chauﬀe´ par eﬀet Joule, ce qui permet
d’obtenir une distribution du coeﬃcient de transfert de chaleur le long de la section d’essai.
Elle utilise du HFE-7100 a` plus haute tempe´rature de saturation, mais le travail eﬀectue´
en commun a ne´anmoins permis de confronter des se´ries de donne´es acquises dans des
conditions similaires ; ces comparaisons sont pre´sente´s dans le chapitre suivant.
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2.1 BRASIL experiment
The BRASIL experiment (Boiling Regimes in Annular and Slug ﬂow In Low gravity)
was designed and built in order to investigate ﬂow boiling mechanisms in microgravity,
on the model of ﬂow evaporator in space platforms. This study includes simultaneous
measurements of temperature, pressure and void fraction under microgravity conditions
provided by parabolic ﬂights.
2.1.1 Working ﬂuid
The working ﬂuid is the Novec HFE-7000 engineered by 3MTM, whose chemical formula
is C3F7OCH3 and that is thereafter referred to as HFE-7000. This ﬂuid belongs to a new
refrigerant class from the hydroﬂuoroethers family chosen to replace older refrigerants
like R113 or R123, mainly because of their non-toxicity.
Two main reasons motivate the choice of HFE-7000 as working ﬂuid in the experiment:
its low saturation temperature (34◦C at atmospheric pressure) and low latent heat of
vaporization (132 kJ.kg−1 against 2270 kJ.kg−1 for water) make this refrigerant very
convenient to use in ﬂow boiling experiments. Moreover, severe restrictions and safety
issues related to μ − g environment limit the use of some ﬂuids. As a non-toxic and
dieletric ﬂuid that does not require a lot of power to reach saturation, the HFE-7000 is
well-suited for parabolic ﬂights.
HFE-7000 properties at saturation temperature are presented in Table 2.1 with water
and classical refrigerant FC-72 properties for comparison.
HFE-7000 Water FC-72
Tsat
◦C 34 99.98 51
M g.mol−1 200 18 288
ρl kg.m
−3 1374.7 958.4 1602.2
ρv kg.m
−3 7.98 0.59 13.21
νl m
2.s−1 2.71·10−7 2.95·10−7 2.70·10−7
Cpl J.kg
−1.K−1 1328 4216 1101
hl,v kJ.kg
−1 132.2 2270 88.0
λl W.m
−1.K−1 0.075 0.679 0.054
σ N.m−1 1.240·10−2 5.891·10−2 0.793·10−2
Table 2.1: HFE-7000 properties at saturation temperature and atmospheric pressure
compared to water and FC-72 properties
2.1.2 Hydraulic loop
BRASIL has been designed in order to investigate upward ﬂow boiling of HFE-7000 in
millimetric tubes. But a lot of structural or electrical choices are imposed by restrictions
and safety issues related to the microgravity measurement environment.
General structure: the BRASIL experiment is a classical two-phase ﬂow loop that
is divided into two sub-systems:
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− the hydraulic system, a closed loop that maintains speciﬁc pressure, temperature
and mass ﬂux in order to obtain the desired conditions at the inlet of the test section;
− the air system, which sets the pressure in the hydraulic system through two bellows
that are in contact with the air on one side and with the liquid on the other one. These
bellows also allow to compensate the volume variations that occur in the ﬂow loop due
to the heating of the liquid or to the production of vapor.
The experiment is installed in a single rack consisting in two frameworks ﬁxed by a
common large aluminum base plate, as can be seen in Figure 2.1.
Figure 2.1: BRASIL rack in ﬂight conﬁguration - Avril 2012
This design was chosen accordingly to the requirements of parabolic ﬂight campaign dur-
ing which the measurements under microgravity conditions are performed. The higher
framework contains the hydraulic loop and the air system; it is fully sealed by a con-
tainment made up of transparent Lexan pannels and aluminium base walls to prevent
any leakage. All electrical, setting and acquisition devices that are liquid free are ﬁxed
in the second framework that remains open for the experimenters to access them.
Hydraulic system: the hydraulic loop is schematically illustrated in Figure 2.2.
As mentioned, the system is pressurised with the use of two separated bellows. Moreover,
the pressure can be manually increased with a bike pump or decreased using an air purge
with a manual valve.
In this pressurised loop, a volumetric gear pump (L21755 Micropump, with the DC-305A
motor) is used to circulate the working ﬂuid in liquid phase. The mass ﬂow rate can be
adjusted by the variation of the rate of gear rotation and a PID is added to maintain
the setpoint value since it can change with the pressure drop variations in the hydraulic
loop. A Coriolis ﬂowmeter measures the mass ﬂow rate at the outlet of the pump.
The liquid HFE-7000 is ﬁrst circulated through two handmade serially connected pre-
heaters. There, it can be preheated to a given liquid temperature or partially vaporized
at a desired vapor quality. The preheaters are covered with thermal insulation foam to
minimize thermal losses, and are electrically powered using a variable phase angle power
regulator. The power is manually set by the experimenter.
Then, the ﬂuid enters the test section, which is described in the following section. There,
further ﬂuid heating and / or vaporisation can be performed.
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Figure 2.2: Schematic representation of BRASIL hydraulic loop
Finally, two serial condensers with two modules each are used to cool the ﬂuid. Each
module consists in a cold plate, nine Peltiers modules and a heat sink with fans to
remove the heat from the Peltier modules. The regulation of the power input of the
Peltier modules is automatic and driven by a PID that maintain the desired temperature
at the inlet of the pump. A cooling of 10◦C below the saturation temperature is set by
the experimenter to ensure that no vapor will enter the pump, which would instantly
result in a pump malfunction.
Flow parameters: the HFE-7000 may be in a liquid state or liquid-vapor state depend-
ing on the portion of the circuit, but it is never in a pure vapor state. The experimenter
has to pay special attention with the ﬂow parameters settings to limit the vapor mass
fraction; indeed, at very high vapor qualities, there is a degradation of heat transfers
which could result in a consequent increase of the temperature of the heaters. Ranges
of the ﬂow parameters that are set by the experimenter are presented in Figure 2.3.
The loop pressure can be set from 1 to 2 bar (the corresponding saturation temperatures
for the HFE-7000 are respectively 34◦C and 56◦C for these pressures); atmospheric
pressure is favored but the pressure variations due to heating and phase change are not
negligible. On this range of pressure, the pump can be set to make the liquid circulate
at mass ﬂuxes between 40 kg.s−1.m−2 and 1000 kg.s−1.m−2. A heat power ranging
from 0 to 900 W is injected to the ﬂuid in the preheaters. There, the ﬂuid reaches
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Figure 2.3: Settings made by the experimenter and corresponding ﬂow parameters
its saturation temperature and is then partially vaporized until it reaches the desired
vapor fraction. The maximal attainable value of x depends on the mass ﬂow rate in the
loop (at the minimum mass ﬂux of G = 40 kg.s−1.m−2, a value of 0.9 can be reached
with a power input slightly lower than 900W). Then, the two-phase ﬂow enters the test
section where it is further vaporized. The corresponding power input is however smaller
than the power input at the preheaters, meaning that the vapor quality at the outlet of
the test section is just slightly higher than at the inlet. Finally, the ﬂuid needs to be
condensed and cooled; the condenser has to evacuate the whole heat which is injected
at the preheaters and the test section, i.e. a maximal heat of 1100 W. The experimenter
set the wanted temperature at the inlet of the pump which is regulated by the Peltier
modules in the condenser.
2.1.3 Test section
BRASIL test section is illustrated in Figure 2.4(a). It is composed of two adiabatic
sections made of isolated stainless steel tubes located at both ends of a the heated
sapphire tube that is the core of the experiment. Thermoplastic elements made of
polyether ether ketone (PEEK) serve as interconnections for these three pieces and give
space for the elements of the measuring system.
The two adiabatic parts are made of 6mm ID stainless steel tubes whose lenghts are
around 22cm and 15cm, respectively. The tubes are covered with thermal insulation
foam in order to minimize thermal losses and approach adiabatic conditions. The ﬁrst
tube, the longest one, is used for dynamical ﬂow establishment before the inlet of the
sapphire tube. The second one, at the outlet of the sapphire tube, is long enough to
enable the measurement of pressure drops along it.
The central part of the test section is a 20cm long sapphire tube with an inner diamater
of 6mm and a thickness of 1mm, that can withstand pressures up to 100 bar. The outer
surface is coated on a length of 16.4cm with ITO, an electrical conductive coating (with
an about 50 nm thickness) that enables a uniform heating of the outer surface by Joule
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eﬀect. The coating aﬀects just negligibly the transparency of the tube; thus, a visual
display of the ﬂow is possible with the use of a high-speed video camera, which enables
ﬂow pattern identiﬁcation.
(a) Conﬁguration without sensors (b) Schematic of the measuring system on the
test section - April 2014
Figure 2.4: BRASIL test section - AP: absolute pressure, DP: diﬀerential pressure,
T: temperature, DT: diﬀerence of temperature, VF: void fraction, PT: PT100 probe
The measuring system on the test section has been modiﬁed several times to improve
the measurements. Figure 2.4(b) presents the ﬁnal version of the test section with its
sensors (April 2014). In order to determine closure laws, measurements of liquid and wall
temperatures, pressure drop and void fraction are needed, along with ﬂow visualisations.
The measurement techniques and their accuracy are discussed in the following section.
Chapter 2. Experimental set-up and measurement techniques 51
2.2 Measurement techniques and accuracy
This section presents the metrology that is used to acquire data with the BRASIL
experiment. Various measurement techniques and their accuracy are described, with a
more detailed part devoted to void fraction measurements.
Except for the void fraction measurements which are performed with a speciﬁc electron-
ics and its own program, the data acquisition system consists in a NI DAQ (National
Instrument data acquisition system), two laptops and a PC central unit for the acqui-
sition of images from the high-speed camera. The NI DAQ is equipped with two cards
that enable a simultaneous acquisition of 72 measurement signals (depending on the
campaign, between 30 and 50 sensors are connected to the acquisition system) with
a frequency set at 100 Hz for the experiment. It is well suitable for the temperature
measurements since it provides an internal cold junction compensation for the thermo-
couples. The interface of the NI DAQ is a LabVIEW program designed to display all
the important values live and to save the data using a text-based ﬁle format for further
processing in Matlab or Excel.
BRASIL measuring system includes a lot of sensors and devices that are used for safety
controls required to carry out experiments during parabolic ﬂights, such as thermocou-
ples that monitor the surface temperature of the heaters or overpressure valves to avoid
large pressure increases. Only the measurements related to the data that are relevant
for the investigation of ﬂow boiling under microgravity conditions are presented in the
following paragraphes.
Thereafter, the term δX refers to the uncertainty in the variable X in a general and
non-speciﬁc way, allowing to write:
X = Xmean ± δX (2.1)
This error is somewhat equivalent to the standard deviation σ and can be calculated
with the principle of propagation of uncertainty using partial derivatives to propagate
error.
2.2.1 Flow parameters
The primary measurements for the determination of closure laws are temperature, pres-
sure drop and void fraction measurements. However, other ﬂow parameters or measured
values can induce errors in the calculations. Characterising the accuracy on the mass
ﬂux, gravity level or tube thickness, for example, is also important.
Tube dimensions: the tube speciﬁcations (both for stainless steel tubes and sapphire
tubes) are provided by the manufacturers and veriﬁed at the delivery. The uncertainties
in the sapphire tube dimensions are the following:
Di = 6± 0.05 mm
Do = 8± 0.05 mm
L = 200± 0.1 mm.
Fluid properties: thermodynamical HFE-7000 properties are given by experimental
curves depending on the temperature or pressure, that are provided by manufacturers
or laboratories. Linear regressions or regressions of 2nd / 3rd order are used to calculate
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the ﬂuid properties. For example, with 20◦C < T < 60◦C:
ρv = 3.904861− 0.029404 · T + 0.004386 · T 2
δρv = [−0.029404 + 0.004386 · T ] · δT
(2.2)
For a given saturation temperature of 34◦C, ρv = 7.98 kg.m−3 ± 0.03%. Temperature
and pressure measurements are accurate enough to consider that the uncertainties in all
the ﬂuid properties are negligible (less than 1%).
Mass ﬂux: a mass ﬂowmeter operating on the ”Coriolis principle” contains a vibrating
”U” tube in which a ﬂuid ﬂow causes changes in frequency, that depends on the mass
ﬂow rate inside the ”U” tube. This technolgy is fast and accurate, and above all, the
measurement is independent of the ﬂuid properties; a Coriolis ﬂow meter can be used
with a dieletric ﬂuid and the output signal is not inﬂuenced by the gravity level.
The nominal uncertainty of the Micromotion R025S mass ﬂowmeter that was chosen for
the experiment is ± 0.5% of the measured value. According to Equation (1.2), the mass
ﬂux G and the corresponding uncertainty δG can be written as:
G =
4 · m˙
π ·D2i
and δG =
√(
4
π ·D2i
· δm˙
)2
+
(−8 · m˙
π ·D3i
· δDi
)2
(2.3)
The mass ﬂux ranges from 40 kg.s−1.m−2 to 1000 kg.s−1.m−2. For these boundary
values, the uncertainty is:
G = 40 ± 0.7 kg.s−1.m−2
G = 1000 ± 17.4 kg.s−1.m−2.
Gravity level: the gravity level is acquired by a 3 axis SUMMIT 34201A accelerometer
that can measure a relative acceleration of ±2g with a precision of 0.3% of the full scale.
This sensor is ﬁxed on the framework about 15cm away from the sapphire tube.
Heat ﬂuxes: heat powers Ppreheat and PITO are delivered to the ﬂuid from the pre-
heaters and from the ITO coating, respectively. The heat losses to the surroundings are
assumed to be negligible (this assumption is veriﬁed in the heat transfer section). The
accuracy on the output voltage U and intensity I delivered by the two power supplies
corresponds to uncertainties δPpreheat and δPITO:
δPn =
√
(Un · δIn)2 + (δUn · In)2 (2.4)
The accuracy given by the manufacturers are ± 45 mV and ± 30 mA for the preheaters
power supply (QVR-320 variable regulator with 220V input) and ± 30 mV and ± 10
mA for the ITO power supply (EA-PS 3150-04 B). To discuss the accuracy of measure-
ments, only the value of δPpreheat is needed for the preheaters (for the calculation of
the uncertainty in the inlet vapor quality). However, in the test section, the heat ﬂux
imposed through the ITO coating is given by:
qITO =
PITO
π ·Di · Lheated (2.5)
with the corresponding uncertainty δqITO that is calculated in Table 2.2:
δqITO =
√(
δPITO
π ·Di · Lheated
)2
+
( −PITO · δDi
π ·D2i · Lheated
)2
+
(−PITO · δLheated
π ·Di · L2heated
)2
(2.6)
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U [V] I [A] PITO [W] qITO [W/m
2]
Low heat ﬂux 49.5 0.304 15.05 ± 0.50 4867.8 ± 165.2 (± 3.4 %)
High heat ﬂux 140.6 0.859 120.78 ± 1.41 39069.1 ± 559.9 (± 1.5 %)
Table 2.2: Uncertainty in the wall heat ﬂux delivered through the ITO coating
2.2.2 Pressure
Absolute pressure measurements and diﬀerential pressure measurements are performed,
mainly in the test section (as illustrated in Figure 2.4(b) but also for safety issues.
Absolute pressure: the absolute pressure is measured at the inlet and outlet of the
sapphire tube, and at the outlet of the pump, preheaters and condenser, by Keller PAA21
absolute sensors (AP in Figure 2.4(b)) with a full scale of 0 - 5 bar and an accuracy of ±
0.25 mbar. These sensors are mostly used to monitor the pressure in the sapphire tube
and calculate the corresponding saturation temperature.
Diﬀerential pressure: diﬀerential pressure measurements are performed with four
Validyne pressure transducers (model P305D furnished with various membranes). The
deformation of a membrane under a pressure diﬀerence is measured by a strain gauge
and the output signal is a voltage that linearly depends on that pressure diﬀerence. The
accuracy given by the manufacturer is ± 0.5% of the full scale.
Three diﬀerential pressure sensors (DP) are used in the test section: the ﬁrst one (mem-
brane n◦28, 56 cmH2O full scale, accuracy of 2.8 mmH2O  0.27 mbar) measures the
pressure drop along the sapphire tube; two redundant transducers (membrane n◦28, 56
cmH2O full scale, accuracy of 2.8 mmH2O  0.27 mbar and membrane n◦30, 86 cmH2O
full scale, accuracy of 4.3 mmH2O  0.42 mbar) are located on the second adiabatic
section, at the outlet of the sapphire tube. This measurement is convenient for the cal-
culation of the wall friction since the acceleration term in the total pressure gradient is
null on this adiabatic length. Precise calibrations of these sensors are performed using
a water column. The latest version of the calibration curves is provided for two of these
Validyne transducers in Appendix A.
2.2.3 Temperature
Like pressure measurements, temperature measurements can be divided into two cat-
egories: absolute and diﬀerential pressure measurements. Only the temperature mea-
surements in the test section are discussed.
Absolute temperature: temperature measurements in the ﬂuid and at the sapphire
wall are needed to characterise heat transfer coeﬃcients.
− sheathed type K thermocouples of 0.5mm diameter (referred to as T in Figure 2.4(b))
are used to measure the temperature of the ﬂuid at the inlet of the test section (before
the adiabatic part and before the sapphire tube). Another thermocouple measures the
outer surface temperature of the stainless steel tube used for the second adiabatic sec-
tion, under the insulation layer. All the thermocouples use the internal cold junction
compensation of the NI DAQ. The accuracy on the temperature measurement with the
thermocouples is ± 0.25◦C (experimentally, the maximal error on this type of measure-
ment is ± 1◦C);
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− resistive Pt100 probes (PT) are used to measure the temperature of the external sur-
face of the sapphire tube at diﬀerent locations. The accuracy of these sensors is better
than the one of the thermocouples (± 0.10◦C) but ensuring a good thermal contact
between the probe and the wall is an important issue that inﬂuences the measurement.
Depending on the measurement campaign, following conﬁgurations have been tested:
· four equally distant Pt100 probes are pressed against the tube using O-rings, one Pt100
is used to measure the ambient temperature in the containment near the sapphire tube;
· eight Pt100 probes are installed in the conﬁguration reported in Figure 2.4(b): more lo-
cations are investigated and two probes are used to double measurements. These probes
are pressed against the wall using nylon screws perpendicular to the tube.
During the last campaigns, a 0.5mm Pt100 probe is also used to measure the ﬂuid tem-
perature at the outlet of the sapphire tube, and is considered as the liquid reference to
set the oﬀset of the thermocouples.
Diﬀerential temperature: the data reduction shows the importance of the measure-
ment accuracy on the temperature diﬀerence between the inlet and the outlet of the
sapphire tube (especially for the calculation of the vapor quality in subcooled boiling).
Therefore, a diﬀerential thermocouple is installed to precisely measure this temperature
diﬀerence. This thermocouple uses a connection between the cold and hot junctions
of two diﬀerent type T thermocouples to measure a diﬀerence of temperature with a
precision better than ± 0.1◦C.
Figure 2.5: Calibration curve for the type-T diﬀerential thermocouple
Due to changes in the experiment conﬁguration or deterioration, temperature sensors are
often added or removed, which requires multiple precise calibrations to ensure relevant
measurements. For this purpose, the type K thermocouples and the Pt100 probes are
placed into a thermal bath of water or silicon oil whose temperature is varied from
15◦C to 50◦C. The exact temperature of the bath is obtained from a standard high-
precision resistance device which was calibrated in a professional laboratory (precision
of ± 0.05◦C). The diﬀerential thermocouple is calibrated in a similar way using two
diﬀerent calibration baths: the cold junction is dipped into the water at a constant
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ambient temperature and the hot junction into a heated bath. Figure 2.5 presents the
calibration curve for one of the diﬀerential thermocouples that were used.
2.2.4 Void fraction
In BRASIL, two capacitance probes are used to measure the void fraction at the inlet and
outlet of the test section. Since void fraction data are crucial to investigate ﬂow boiling
mechanisms and diﬃcult to acquire, a detailed description of the measuring principle,
sensor design and calibration protocol is presented here.
Measuring principle: capacitance as well as conductivity void fraction sensors are
based on the measurement of the electrical impedance Z that is deﬁned as:
1
Z
=
1
R
+ 2 · π · j · f · C (2.7)
The impedance Z consists in a resistive term R and a capacitive term 1/2π · j · f ·C in
parallel. Let us consider a parallel-plate capacitor, where A is the surface of the plates, d
the distance between the plates and f the frequency used to excite the plates, as shown
in Figure 2.6.
Figure 2.6: Parallel-plate capacitor
The eﬀective capacitance C and the electrical resistance R are deﬁned as:
C =
0 · r ·A
d
and R =
d
A · σelec (2.8)
where r is the relative permittivity of the medium and σelec its electrical conductivity.
Applying a high frequency f and using a dielectric (with a low conductivity σelec) make
the resistive term of Equation (2.7) negligible compared to the capacitive term. Ac-
cording to the deﬁnition of Equation (2.8), the impedance Z is thus only dominated by
permittivity eﬀects. In the case of a two-phase vapor-liquid ﬂow circulating between
the parallel plates of the capacitor, the measured capacitance will therefore depends on
the volumetric composition of the ﬂuid since the dielectric constants (and especially the
permittivity) are diﬀerent for each phase, as can be seen in Table 2.3. Thus, the void
fraction can be deduced from the capacitance measurement using a calibration curve.
In the speciﬁc case of BRASIL experiments, an excitation frequency of 31.6 kHz has been
chosen. According to Equation (2.8), this value corresponds to a ratio of the capacitive
term over the resistive term of about 1300, which allows to conclude that permittivity
eﬀects are dominant in this region.
saut de ligne
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Relative permittivity Conductivity
r [-] σelec [S.m
−1]
HFE-7000 liquid 7.4 10−8
HFE-7000 vapor 1.4
FC-72 liquid 1.75 10−15
FC-72 vapor 1.0
Teﬂon 2.1 10−25 - 10−23
Air 1
PEEK 3.2 10−16
Table 2.3: Permittivity and dielectric conductivity for HFE-7000, FC-72 and PEEK
Sensor design: Figure 2.7 presents typical non-intrusive electrodes conﬁgurations for
capacitance void fraction sensors [Caniere, 2009]. In the litterature, the ring type sensor
and the conﬁguration with two-half-cylindrical electrodes are the two most favoured
geometries because they promote the sensor sensitivity. An attempt to design a ring
type sensor at IMFT resulted in a non-linear response and practical diﬃculties for the
fabrication. For that reason, parallel plates type probes were developed: this non-
intrusive geometry is the closest one to the two-half-cylindrical electrodes conﬁguration
that gives precise measurements, and its construction is very simple.
Figure 2.7: Typical electrodes conﬁgurations for capacitive void fraction measure-
ments in circular geometries [Caniere, 2009]
The general design of the void fraction probe (VFP) used in BRASIL is schematically
illustrated in Figure 2.8 and can be seen in Figure 2.4(a). A void fraction probe is
principally composed of two measurement electrodes and four guard electrodes which
are placed in a face-to-face conﬁguration using plain PEEK-made mountings (in Figure
2.8(a), the electrodes compartments are ﬁlled with PEEK pieces that maintain the
electrodes pressed against the wall near the tube). In the ﬁrst design of this probe, the
geometrical shape of the measurement electrodes are charaterised by an axial length of
14mm and a width of 14mm. The dimensions of the guard electrodes are 10mm x 14mm,
and the separation between the parallel electrodes amounts to 16mm. All the electrodes
are made of a thin copper sheet that is very conductive. A copper shield also covers
the outer surface of the PEEK mounting to prevent noises. The electronics circuit is
embedded into a metallic case and ﬁxed as close as possible to the measuring electrodes
to avoid stray capacitance due to important wire lengths.
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(a) 3D breakout (b) Cross-sectional schematic
Figure 2.8: General schematic of a void fraction probe (dimensions in mm)
Sensors features and improvements: an extensive study of the void fractions probes
during devoted campaigns and measurement campaigns highlighted some features of the
capacitance signals and allowed some improvements. The main conclusions and results
of this study are presented here. An extended review of the speciﬁcations of the void
fraction probes can be found in the report of Eisenbraun [2012].
Sensitivity: the sensitivity of the void fraction probe is described by the total capacitance
diﬀerence ΔC between the all-liquid and all-vapor states of the ﬂuid inbetween the
measuring electrodes:
ΔC = Cliq − Cvap (2.9)
For the ﬁrst generation of probes, the sensitivity amounts to 0.084 pF and 0.082 pF,
respectively (the all-vapor state is brieﬂy reached during the purge of the experiment).
It depends on the tube diameter D, the axial electrode length Lelec, the electrode width
Welec, the parallel electrode separation d and the relative permittivity of the ﬂuid phase
r,k, plus the permittivity r,PEEK and the thickness of the PEEK material between
same side electrodes.
Maximizing the sensitivity is crucial to ensure accurate measurements. Since the con-
ductivities of the working ﬂuid and of the PEEK are negligible, the inﬂuence of the
above mentioned parameters that can be studied using a geometrical simpliﬁcation of
the sensor and an equivalent capacitance circuit. A simple model of plate capacitor as
described in Figure 2.6 yields ΔC = 0.091 pF and can therefore be considered as relevant
to study the inﬂuence of the design parameters on the sensitivity.
The model shows that the main feature aﬀecting the sensitivity is the distance between
parallel electrodes (which includes the tube diameter and PEEK lengths): ΔC increases
non-linearly with the decreasing electrode separation. Another non-negligible parameter
is the axial electrode length Lelec: the spatial resolution is worsening with long electrodes
but the fringe capacitance increases with too important decreases of L. The choice of the
working ﬂuids matters too: according to the properties presented in Table 2.3, FC-72 is
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not well-suited for capacitance measurements because of its low dielectric constant. As
for the electrode width Welec, its inﬂuence on the sensitivity is negligible as long as the
electrodes are wider than the tube.
Minimizing the distance between the electrodes and the tube and choosing an electrode
length Lelec = D would result in an improvement of the probe with a higher sensitivity.
Frince capacitance: The edge eﬀects, also known as fringing eﬀects, cause an additional
capacitance to be measured outside the electrodes, due to the bending form of the electric
ﬁeld. Thus, guard electrodes are necessary to minimize the inﬂuence of fringing ﬁeld
lines on the measurement of the void fraction.
To assess the inﬂuence of edge eﬀects on the measured capacitance, measurements of
capacitance as a function of liquid level are realised. For void fraction probes without
guard electrodes, data show that around 10% of the capacitance measurement corre-
sponds to a volume outside the measuring electrodes and that the lines of the fringe
ﬁeld bend to a distance which is around the half of the electrode length as can be seen
from plotting the capacitance according to the height of liquid in the probe. In the ﬁrst
experiments, an increase in the separation distance between same-side electrodes does
not allow to conclude on the eﬃciency of driven guard electrodes. However, recent mea-
surements with smaller separations allow to conclude on the interest of guard electrodes
to prevent fringing eﬀects. The inﬂuence of the width of the guard electrodes was not
studied due to height limitations and practical diﬃculties.
Stray capacitance: in the case of capacitive sensors, stray capacitances are essentially
unwanted capacitances due to wires and capacitive bodies in the proximity of the void
fraction probe. Because of the small order of magnitude of the sensitivity, stray capaci-
tances must be minimzed. Adding a copper shield and shortening the wires connecting
the electrodes and the electronics have proven eﬃcient, by signiﬁcantly reducing the
signal noise.
Figure 2.9: Eﬀect of the electronics temperature on the capacitance measurements in
liquid single-phase ﬂow
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Temperature eﬀects: The inﬂuence of the temperature on the measurements is a key
issue to process void fraction data. Two temperature eﬀects can be taken into account:
− the ﬁrst temperature eﬀect concerns the ﬂuid temperature, since the permittivity
of the ﬂuid depends on the temperature. However, experiments have shown that this
temperature eﬀect can be neglected on BRASIL ﬂuid temperature range;
− in contrast, the temperature of the probe electronics strongly aﬀects the measured
capacitance. A linear curve describes the relation between this two parameters, as shown
in Figure 2.9 from parabolic ﬂight campaign data, and single-phase ﬂow experiments are
necessary to correct the eﬀect of the electronics temperature. Indeed, this temperature,
that is measured by a thermistor inside the electronics casing, can increase a lot during
a series of experiments.
Calibration: for a vapor-liquid ﬂow, the simplest and most reliable method is a statical
calibration which simulates each phase by a material of similar permittivity (see Table
2.3). For the case of annular ﬂow, a Teﬂon rod is dipped into the void fraction probe
that is ﬁlled with liquid HFE-7000. A bubbly ﬂow is simulated by polystyrene foam
(Styrofoam) spheres whose diameter is known and that are placed into liquid HFE-7000.
The schematics of these methods are shown in Figure 2.10(a) and 2.10(b), respectively.
(a) Annular ﬂow calibration (b) Bubbly ﬂow calibration
Figure 2.10: Methods used to calibrate the void fraction probes by simulating annular
and bubbly ﬂows
To take into account the diﬀerence on permittivity between the materials (Teﬂon or
Styrofoam) and the actual ﬂuid properties, a normalized capacitance C∗ is used:
C∗ =
Cα − Cvap
Cliq − Cvap =
Cα − Cvap
ΔC
(2.10)
Figure 2.11 presents the results of calibration measurements for one void fraction probe
(June 2012). Experimental points for annular ﬂow simulation correspond to various di-
ameters of Teﬂon rods. Slug ﬂow is treated with the annular calibration curve because
the void fraction is dominated by the cylindrical vapor slugs. Previous calibration mea-
surements performed for a ring type sensor are also plotted [Brauckhoﬀ, 2010]; in this
conﬁguration, the relation between C∗ and α was found to be linear for bubbly ﬂows.
Calibration experiments have to be performed with the utmost care: a small error on the
diameter of the Teﬂon rod or a signal with too many noises can result in an important
shift on the calibration curve and therefore an important error on the void fraction.
Moreover, practical diﬃculties related to available Teﬂon rod diameters are an issue to
precisely determine the shape of the curve in the limit C∗ = 0, i.e. α = 1 which is in an
area of interest for annular ﬂow experiments. For that reason, theoretical models and
COMSOL simulations were set-up to complete experimental calibrations.
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Figure 2.11: Experimental data for the calibration of a void fraction probe in the
case of annular and bubbly ﬂows
Models and simulations: in order to test the portability of the linear calibration for
bubbly ﬂow obtained from a ring type sensor and to improve the accuracy of the cali-
bration curve for high void fractions in annular ﬂow, theoretical models and COMSOL
simulations were developed.
Theoretical models: theoretical models using geometrical simpliﬁcations and equivalent
capacitance circuits have been developped for both bubbly and annular ﬂow cases. The
applied geometries are presented in Figure 2.12. The results are illustrated in Figure
(a) Front and side views - bubbly ﬂow (b) Front view - annular ﬂow
Figure 2.12: Simpliﬁed geometries of bubbly and annular ﬂows used in theoretical
capacitance models
2.13 where the all-liquid and all-vapor capacitances are calculated with the plate ca-
pacitor model previously used to determine the sensitivity ΔC. Curves obtained with
theoretical models are compared with corresponding experimental data. It can be seen
that the theoretical calibration curve for bubbly ﬂow is not linear as expected from the
measurements in a ring type sensor. In contrast, the results for the annular ﬂow conﬁrm
that Teﬂon rod calibration is relevant.
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(a) Annular ﬂow
(b) Bubbly ﬂow
Figure 2.13: Theoretical model results for calibrations in bubbly and annular ﬂows
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The problem with two diﬀerent non-linear calibration curves concerns the annular ﬂow
with droplet entrainment (that is not accounted for in this model) and transition ﬂows
where it is diﬃcult to distinguish between slugs and big bubbles. Since no linear cali-
bration curve for all ﬂow patterns has been achieved with the successive designs of the
void fraction probes, simulations have been developed with the COMSOL software.
COMSOL simulations: 3D simulations have been performed for calibrations in bubbly
and annular ﬂows by using the actual geometry of the probe, including guard electrodes,
as illustrated in Figure 2.14.
Figure 2.14: Void fraction probe 3D geometry in COMSOL simulations
The sensitivities ΔC provided by the COMSOL simulations are consistent with the
experimental results for all the void fraction probe designs that have been tested during
this thesis. The experimental calibration curves can be completed by adding more points
in the area of interest (especially for high void fractions, α > 0.8 corresponding to annular
ﬂow). For the annular ﬂow case, the theoretical model and COMSOL simulations are in
good agreement: the maximal deviation of the two curves is about 5%; for the higher
values of α, it is less than 1%. However, the diﬀerence is more important between the
model and the simulation curves in the case of bubbly ﬂows, except for very low values
of void fraction. The accuracy for this conﬁguration is partially due to the number
of bubbles used in the simulation / model. Plus, a direct calibration performed by
measuring the bubble velocities from image processing for bubbly ﬂows may not be
relevant due to the lack of precision on the calculation of the vapor quality. Thus, it
was decided to keep the curve provided by COMSOL simulations that was in rather
good agreement with experimental calibration points. Moreover, Comsol simulations
conﬁrm that the vapor distribution has no inﬂuence on the signal, which is conﬁrmed
by experiments (by shifting, for example).
Acquisition: capacitance and electronics temperature are acquired by a direct connec-
tion of the electronic circuit to a laptop via USB. A stand-alone interface written with
Delphi is used to display and save measured data in .txt ﬁles. The acquisition frequency,
that was limited to 8.05 Hz for the ﬁrst designs, was improved up to 45 Hz on the ﬁnal
version of the void fraction probes. An attempt on implementing the VFP measurement
into the National Instrument DAQ has proven disappointing due to a lot of noise on the
signal, which has worsened the precision on the void fraction.
Total accuracy: the total uncertainty in the void fraction value depends on the error
on the capacitance measurement and on the precision of the calibration curve.
Precision on the capacitance measurement: the electronic circuit that is used to acquire
capacitance data has a theoretical measurement precision of 2 fF (0.002 pF). Never-
theless, it is necessary to quantify the precision of the entire measurement chain. To
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achieve this, a raw signal in all-liquid conﬁguration is observed: for a single-phase ﬂow, a
constant value is obtained. However, once the temperature eﬀects have been corrected,
oscillations are still observed, with a maximal amplitude of about 0.005 pF. The general
void fraction probe design that was used to get capacitance measurements corresponds
to a sensitivity ΔC  0.080 pF. The error on the measurement chain is then of  6%
of the full scale.
Error due to the calibration curve: experimental calibration curves have to very carefully
plotted; indeed, a small error on an experimental value can result in a large error on the
void fraction. For that reason, calibration curves have been drawned from theoretical
models and simulations for two ﬂow patterns. In the end, the two curves can be united
in one ﬁnal calibration curve. Since the maximal deviation between the values obtained
from theoretical models, COMSOL simulations and experiments (when available) is
about 5%, the maximal error on the void fraction due to the calibration curve is assumed
to be  5%.
Film thickness: assuming there is no droplet entrainment in the vapor core for annular
ﬂow, the liquid ﬁlm thickness δ can be written according to the void fraction and the
tube diameter, with a corresponding uncertainty δ(δ):
δ =
D
2
· (1−√α) and δ(δ) =
√(
δD
2
· (1−√α)
)2
+
(
D
2
·
( −δα
2 · √α
))2
(2.11)
α [-] δα [-] δ [mm] δ(δ) [mm]
0.95 0.048 0.076 0.073
0.80 0.040 0.317 0.067
Table 2.4: Uncertainty in the liquid ﬁlm thickness in annular ﬂow
At moderate void fraction in annular ﬂow, the liquid ﬁlm thickness is large enough so
that the lack of precision on the void fraction does not induce an uncertainty in δ higher
than 20%. However, as the vapor quality and α increase, the ﬁlm at the wall gets
thinner and the uncertainty in δ becomes of the same order of magnitude than δ itself.
It is therefore necessary to plot this uncertainty along with experimental results on ﬁlm
thickness to be able to make relevant observations.
2.2.5 Flow visualisations
The high-speed video camera that is used to obtain ﬂow visualisations in μ − g covers
a 10mm x 65mm region at the outlet of the sapphire tube (only 10mm x 30mm during
the two ﬁrst campaigns, as illustrated in Figure 2.4(b). It captures around 5 seconds of
the ﬂow with a frequency of 1000 to 1500 Hz depending on the test, and is synchronized
with the NI DAQ and the other measurements.
During on-ground measurement campaign, an APX high speed camera allowed to ﬁlm
the entire tube to observe the ﬂow pattern evolution for high vapor quality evolution
along the heated section.
Since the camera has mostly been used for ﬂow pattern identiﬁcation, uncertainty in the
vapor velocity obtained from ﬂow movies is not discussed here.
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2.3 Data reduction
The following section presents the calculations made to determine the vapor quality,
the wall and interfacial shear stresses and the heat transfer coeﬃcient. Corresponding
accuracies are given according to the uncertainties in the ﬂow parameters as previously
reported.
2.3.1 Vapor quality
For clarity purposes, the following notations are used for the calculation of the vapor
quality x: q is the inner wall heat ﬂux delivered to the ﬂuid (q = qw,i), D is the inner
diameter (D = Di) and Cp is the speciﬁc heat capacity of the liquid phase. z is the
distance from the inlet of the heated test section, x is the vapor quality at z and xin is
the quality at z = 0.
According to Equation (1.23) demonstrated in Chapter 1, the enthalpy balance equation
for the mixture can be written as:
4 · q
D
= G · (hl,v + Cp · (Tsat − Tl)) · dx
dz
+G · Cp · (1− x) · dTl
dz
(2.12)
The wall heat ﬂux leads to an increase of the total enthalpy of the mixture both by
phase change (ﬁrst term of the RHS of Equation (2.12)) and by increasing the liquid
temperature (second term). The quality x can be calculated with this equation if the
heat ﬂux, the liquid temperature and the temperature gradient along the heated test
section are known. In our case, the heat ﬂux is imposed through the power supply and
the liquid temperatures are measured at the inlet and outlet of the sapphire tube with
thermocouples or Pt100 probes.
The pressure drop along the heated length Lheat of the sapphire tube is low enough to
consider that the induced variations of latent heat of vaporization and ﬂuid properties
are negligible; the HFE-7000 thermodynamical properties are therefore considered as
constants between the inlet and outlet of the heated test section. The vapor quality at
the outlet of the sapphire tube x(Lheated) is denoted xout.
Two diﬀerent conﬁgurations can occur at the inlet of the heated test section: the ﬂuid
enters the sapphire tube in subcooled conditions (characterised by a subcooling ΔTsub =
Tsat − Tin) or the ﬂuid enters the sapphire tube in saturated conditions.
Saturated regimes: in saturated regimes, the liquid temperature reaches the satura-
tion temperature and boiling starts in the preheaters. The quality xin at the inlet of the
sapphire tube is considered to be equal to the quality at the outlet of the preheaters.
This quality is obtained with an energy balance on the preheaters:
xin =
4 · Ppreheat −G · π ·D2 · Cp · (Tsat − Tin,preheat)
G · π ·D2 · hl,v (2.13)
Since the liquid is at saturation in the sapphire tube (Tl = Tsat), the enthalpy balance
Equation (2.12) can be simpliﬁed by eliminating the two terms due to liquid heating:
4 · q
D
= G · hl,v · dx
dz
(2.14)
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The integration yields the expression of x that corresponds to the thermodynamical
vapor quality:
x(z) = xin +
4 · q
G ·D · hl,v · z (2.15)
Corresponding uncertainties δxin and δxout are presented in Table 2.5 for low and high
ranges of vapor quality in saturated boiling regimes. The calculations are made by
assuming that the uncertainties in thermodynamical properties are negligible to simplify
very small terms, and with δTl = 0.25
◦C (the temperatures at the inlet of the preheaters
and sapphire tube are measured by thermocouples).
Low quality High quality
G [kg.s−1.m−2] 200 ± 3.5 100 ± 1.8
Ppreheat [W] 219 ± 2.96 164 ± 2.21
q [W.m−2] 9969 ± 169.5 30936 ± 433.1
xin [-] 0.089 ± 0.009 (± 9.7%) 0.277 ± 0.013 (± 4.5%)
xout [-] 0.131 ± 0.009 (± 6.6%) 0.537 ± 0.014 (± 2.6%)
Table 2.5: Examples of uncertainty in the vapor quality for saturated boiling regimes
Subcooled regimes: in subcooled boiling regimes, the ﬂuid enters the sapphire tube
in an all-liquid state and the boiling starts in the heated test section. Thus, the vapor
quality at the inlet of the sapphire tube xin is equal to zero and Tl < Tsat. The vapor
temperature is assumed to be equal to the saturation temperature. The integration of
Equation (2.12) yields the expression of x:
x =
4 · q · z −G ·D · Cp · (T (z)− Tin)
G ·D · (h′l,v − Cp · (T (z)− Tin)
with h′l,v = hl,v + Cp · (Tsat − T (z))
(2.16)
Note that x is not the thermodynamic vapor quality (which is negative) in this case:
it represents the fraction of vapor at the distance z, and the superﬁcial vapor velocity
can be expressed according to x. The liquid temperature T(z) is necessary for the
calculation; since the liquid temperature is measured between the inlet and outlet of the
sapphire tube, a temperature proﬁle can be assumed between these locations. Choosing
a linear proﬁle is a relevant option since the diﬀerence of temperature Tout−Tin is rather
small, but it is also possible to use a parabolic evolution of the temperature, which is
well-suited for the description of boiling temperature proﬁle. The diﬀerence in quality
values obtained by choosing either linear or quadratic temperature proﬁle is negligible.
Table 2.6 provides examples of uncertainty in vapor quality at the outlet of the sapphire
tube (z = Lheated) for subcooled boiling regimes. The uncertainties in thermodynamical
properties are neglected and the uncertainty in the temperature diﬀerence Tout − Tin
is considered to be δT = 0.1◦C since it is measured by the precise type T diﬀerential
thermocouple, whereas it is δT = 0.25◦C for Tsat − Tin.
Low quality High quality
G [kg.s−1.m−2] 101.3 ± 1.77 47.5 ± 0.83
q [W.m−2] 9939 ± 167.0 28937 ± 491.9
xout [-] 0.0627 ± 0.0021 (± 3.34%) 0.4437 ± 0.0116 (± 2.61%)
Table 2.6: Examples of uncertainty in the vapor quality for subcooled boiling regimes
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As for saturated cases, the uncertainty in x is not very important for subcooled boiling
regimes with moderate and high vapor qualities. However, for very low vapor quality
(x < 0.01 corresponding to very sparse bubbly ﬂows, for example), the error on the
vapor quality is of the same order of magnitude than x itself. This error is conﬁrmed by
an analysis of ﬂow videos that compares the mean bubble velocity measured from image
processing and those calculated using the void fraction and quality values. Subcooled
data with very low vapor quality must therefore be carefully processed.
2.3.2 Wall friction
As previously demonstrated, the momentum balance equation for the vapor-liquid mix-
ture in steady state enables to write the wall friction τw (with τw > 0) along a heated
test section according to the pressure drop Δp, the void fraction α, the mass ﬂux G and
the vapor quality x:
dp
dz
=
−4
D
· τw − d
dz
[
G2 · x2
ρv · α +
G2 · (1− x)2
ρl · (1− α)
]
− (ρv · α+ ρl · (1− α)) · g (2.17)
Expression of the wall shear stress: the total pressure gradient is the sum of three
contributions. The second term of the RHS of Equation (2.17) is an acceleration term
that has to be taken into account when quality and void fraction evolve along the test
section. Since the pressure drops measurements are processed for an adiabatic section in
our experiment, this term can be neglected. In this same way, the last term of the RHS
is the hydrostatic pressure gradient that is negligible under microgravity conditions.
However, on ground and for upward ﬂow, this last term is dominant, thus the accuracy
on the wall shear stress measurement is directly related to the accuracy on the void
fraction itself.
An averaged value of the wall shear stress is yielded by the integration of Equation (2.17)
on an adiabatic section of length Ladiab:
τw =
⎧⎪⎪⎪⎨
⎪⎪⎪⎩
−D
4 · Ladiab ·Δp in microgravity
−D
4
·
(
Δp
Ladiab
+ (ρv · α+ ρl · (1− α)) · g
)
in normal gravity
(2.18)
with Δp < 0.
Uncertainty in the wall shear stress: the expression of τw under microgravity
conditions allows to write the corresponding uncertainty δτw according to uncertainties
in geometrical parameters δD and δLadiab, and in pressure drop measurements δΔp (0.27
mbar or 0.42 mbar depending on the sensor).
δτw =
√(
D
4 · Ladiab · δΔp
)2
+
(
Δp
4 · Ladiab · δD
)2
+
(−D ·Δp
4 · L2adiab
· δLadiab
)2
(2.19)
In normal gravity, the uncertainty in the wall shear stress is more important due to
the hydrostatic pressure drop and terms depending on the uncertainties in g and α are
added to the calculations of δτw. This is illustrated in Table 2.7. The calculation is
made by assuming the most important error on the pressure drop measurements and an
uncertainty in Ladiab of 1mm (due to measurement tools).
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Low void fraction High void fraction
(bubbly ﬂow) (annular ﬂow)
Δp [Pa] 77.2 ± 42 720.0 ± 42
α [-] 0.2490 ± 0.0194 0.9231 ± 0.0721
τw in μ-g [Pa] 0.6293 ± 0.1876 (± 29.8%) 5.867 ± 0.196 (± 3.3%)
τw in 1-g [Pa] 16.051 ± 0.7827 (± 4.8%) 7.5348 ± 1.7452 (± 23.2%)
Table 2.7: Examples of uncertainty in the wall shear stress
For low void fractions (α < 0.3 corresponding to sparse bubbly ﬂows with very small
pressure drop along the section), the uncertainty in τw in μ-g is about 20% - 30%
because the measurement range of diﬀerential pressure transducers is adapted to two-
phase ﬂow with much larger pressure drops. On the contrary, 1-g measurements have
a good accuracy since δα is rather small for low void fraction. Nevertheless, it must
be noted that the use of a second transducer with a lower measurement range provides
measurements with better precision than the one presented in Table 2.7. The opposite
trend is observed for measurements with high void fraction (α > 0.8 corresponding to
annular ﬂows): with higher pressure drop along the section, the error on τw is small in
μ-g whereas δτw worsens with δα in 1-g even though the contribution of the gravitational
term (that remains signiﬁcant) decreases compared to the frictional term.
Validation in single-phase ﬂow: experiments in single-phase liquid ﬂows have en-
abled to validate the measurement technique by comparing the data to the Blasius
correlation presented in Chapter 1 in Equation (1.41) using liquid Reynolds number Re.
The experimental friction factor f is calculated as follow:
f =
ΔP ·D · ρl
2 · Ladiab ·G2 (2.20)
Figure 2.15 shows the measurements obtained with the three diﬀerential pressure trans-
ducers that are used in the experiment, for single-phase liquid ﬂows at various mass
ﬂuxes and the Blasius correlation for turbulent ﬂows: f = 0.079 ·Re−1/4 for Re > 3000.
Experimental points in laminar or transition area are indicated with open symbols.
Dashed lines correspond to Blasius correlation at ± 10%. Simpliﬁed datasets from only
two diﬀerent campaigns are presented here for a better readability.
The agreement between experimental points and theoretical values is good considering
that the measurement range of the pressure sensors is not adapted to single-phase ﬂow
with very small pressure drop (for that reason, the uncertainty bars in the friction factor
have not been plotted): the mean absolute error (MAE) is around 6% for the values
corresponding to turbulent ﬂow.
2.3.3 Interfacial shear stress
In the speciﬁc case of annular ﬂow, it is necessary to obtain data on the interfacial shear
stress τi that controlles the behaviour of the wall liquid ﬁlm to fully investigate boiling
mechanisms in saturated regimes.
Expression of the interfacial shear stress: in saturated boiling, the wall shear stress
and void fraction can be used to calculate τi by using the momentum balance equation
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Figure 2.15: Validation of the measurement technique of pressure drop in single-phase
liquid ﬂows, comparison with the Blasius correlation
applied to the vapor phase. The integration of this equation with frictional data on an
adiabatic length yields a two-term expression with a gravitational contribution that can
be neglected under microgravity conditions.
Uncertainty in the interfacial shear stress: according to Equation (1.26), the
uncertainty in τi mostly depends on the measurement accuracy of the pressure drop and
void fraction. Under microgravity conditions:
δ(τi) =
√(
δτw ·
√
α
)2
+
(
τw ·
( −δα
2 · √α
))2
(2.21)
In normal gravity, another uncertainty is added for the gravitational term; this additional
error is mostly due to the lack of precision on the void fraction. Table 2.8 presents
typical uncertainties in the interfacial shear stress near the transition from slug ﬂow
with moderate vapor quality and void fraction, and at very high α.
Moderate void fraction High void fraction
α [-] 0.810 ± 0.041 0.953 ± 0.067
τi in μ-g [Pa] 5.22 ± 0.22 (± 4.2%) 5.66 ± 0.28 (± 4.9%)
τi in 1-g [Pa] 12.27 ± 0.53 (± 4.4%) 7.66 ± 0.75 (± 9.8%)
Table 2.8: Examples of uncertainty in the interfacial shear stress
In annular ﬂow, the uncertainty in τw is always small under microgravity conditions and
since the void fraction is square rooted, the error on the interfacial shear stress never
exceeds 5% in μ-g. On the contrary, the gravitational term that appears in normal
gravity adds an uncertainty in τi that increases with the void fraction. Moreover, at
very high α, the precision on the wall shear stress is not that good, which leads to an
accuracy of ± 10% on the calculation of τi at high void fraction in 1-g.
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2.3.4 Heat transfer coeﬃcient
The heat transfer coeﬃcient h that is presented in the experimental results is measured
at the inner wall of the sapphire tube. A cross-section of the heated tube is represented
in Figure 2.16.
Figure 2.16: Cross-section of the sapphire tube - notations used for the calculation
of the heat transfer coeﬃcient
Tiw and Tow are the inner and outer temperatures of the sapphire tube wall, respectively.
Te∞ is the external temperature of the ambient air far from the tube (measured by a
Pt100 probe in the ﬁrst campaigns) and Ti∞ is the bulk temperature in the tube. Tin
and Tout are the bulk temperature at the inlet and outlet of the sapphire tube. The
inner and outer radii of the tube are denoted Ri and Ro, respectively. The thermal
conductivity of the sapphire tube is denoted k and is equal to 22 W.m−1.K−1. The ITO
coating on the external surface of the heated test section provides a heat ﬂux qow. The
heat ﬂux qi delivered to the ﬂuid, also simply denoted q, is considered to be equal to
qow corrected by the radii ratio Ro/Ri. The heat transfer between the environment and
the external wall of the sapphire tube (equivalent of thermal losses) is characterised by
the heat transfer coeﬃcient he. The heat transfer coeﬃcient between the wall and the
internal wall of the sapphire tube is denoted hi.
Expression of the heat transfer coeﬃcient: in order to estimate the heat transfer
coeﬃcient at the inner wall hi, the following hypotheses are made:
− temperature proﬁles are axisymmetric;
− the axial conduction in the ﬂuid and in the wall is neglected;
− heat transfers by radiation are neglected.
By using a conduction equation, the temperature at the inner wall Tiw can be deduced
from the temperature at the outer wall Tow (measured by Pt100 probes previsouly
described) and the heat ﬂux qow applied by Joule eﬀect through the ITO coating:
Tow − Tiw = [qow − he · (Tow − Te∞)] · ln
(
Ro
Ri
)
· Ro
k
(2.22)
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The heat transfer coeﬃcient at the inner wall hi can then be deduced from an energy
balance between the ﬂuid and the inner wall:
hi · (Tiw − Ti∞) = Ro
Ri
· [qow − he · (Tow − Te∞)] (2.23)
As previously mentioned, the temperature evolution between Tin and Tout can be con-
sidered as linear or parabolic, which enables to calculate the bulk temperature Ti∞ at
any location along the sapphire tube.
A series of experiments has been conducted in order to evaluate the thermal losses char-
acterised by the heat transfer coeﬃcient he. In particular, it can be locally estimated
in normal gravity with the measurements of Tow and qe∞ for single-phase or two-phase
ﬂow without wall heating by using a known correlation to estimate hi. In this conﬁgu-
ration, thermal losses have been estimated for single and two-phase ﬂows with diﬀerent
correlations for various ﬂow parameter ranges. The maximal heat transfer coeﬃcient
he that was obtained in normal gravity represents 7% of the heat transfer coeﬃcient
hi. Experiments with single-phase ﬂows at very low mass ﬂuxes and high temperatures
have allowed to conclude through a global energy balance about the nature of thermal
losses that are therefore neglected.
By combining Equations (2.22) and (2.23) and assuming that he is negligible, the ex-
pression of the heat transfer coeﬃcient h = hi can be written according to the measured
outer wall temperature, bulk temperature and heat ﬂux q:
hi =
q
Tow − Ti∞ −
Ri
k
· ln
(
Ro
Ri
)
· q
(2.24)
Accuracy on the heat transfer coeﬃcient: according to Equation (2.24), the un-
certainty in the heat transfer coeﬃcient δh depends on geometrical uncertainties and
uncertainties on the wall heat ﬂux and measurements of the external wall and bulk
temperatures.
The wall temperature Tow is measured by Pt100 probes with a precision of ± 0.1◦C which
does not take into account an accuracy loss due to the mechanical contact between the
probe and the wall. Two diﬀerent systems of ﬁxation have been tested during the mea-
surement campaigns, and both require special care in the installation of the probes and
testing in order to provide accurate heat transfer data. Thus, the uncertainty calcula-
tions are made with a maximal eﬀective uncertainty δTow = 0.5
◦C. The uncertainty in
the sapphire thermal conductivity is considered to be δk = 9% as the manufacturer only
provided a rough value. The maximal error made on the bulk temperature by assuming
a linear proﬁle between both ends of the tube is considered to be ± 0.2◦C. Table 2.9
provides examples of calculations of uncertainty in the heat transfer coeﬃcient.
Validation in single-phase ﬂow: experiments in single-phase liquid ﬂows have en-
abled to validate the measurement technique by comparing the data to the Dittus-
Boelter and Gnielinski correlations presented in Chapter 1 in Equations (1.65) and
(1.66) using liquid Reynolds number and liquid ﬂuid properties.
The experimental Nusselt number Numeas is calculated as follow:
Numeas =
h ·Di
λl
(2.25)
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Low wall heat ﬂux High wall heat ﬂux
(in bubbly ﬂow) (in annular ﬂow)
q [W.m−2] 9762.9 ± 165.9 35382.4 ± 601.5
Tow [
◦C] 44.09 ± 0.5 45.02 ± 0.5
Ti∞ [◦C] 33.93 ± 0.2 32.81 ± 0.2
h [W.m−2.K−1] 912.4 ± 48.6 (± 5.3%) 2514.6 ± 109.6 (± 4.4%)
Table 2.9: Examples of uncertainty in the heat transfer coeﬃcient
Figure 2.17(a) shows the raw measurements obtained with four Pt100 probes that are
located at z = 4, 7, 10 and 13 cm from the inlet of the tube, respectively, for single-
phase liquid ﬂows at various mass ﬂuxes. Comparisons are made with the Gnielinski
correlation for turbulent ﬂows Re > 2100. Dashed lines correspond to correlations at
± 12%. Simpliﬁed datasets from only two diﬀerent campaigns are presented here for a
better readability.
As can be seen from the graphic, the measured Nusselt number is larger than the values
expected from the Gnielinski correlation, and the deviation is in inverse proportion to
the distance between the temperature sensor and the inlet of the heated section. Indeed,
it is important to note that the heated length is short and the heat transfer regime is
not fully established. In order to compare the measurements with the previously men-
tioned correlations, the entrance eﬀects have been corrected using Al-Arabi’s correlation
(Equation (1.68)) according to the sensor position. The corrected Nusselt numbers are
presented in Figure 2.17(b).
Experimental data meet the correlations with a maximal error of 12%. This is illustrated
in Figure 2.18 that presents the measured Nusselt numbers according to the theoreti-
cal values calculated with the Gnielinski correlation in fully developed turbulent ﬂow.
Uncertainty bars are plotted for the experimental data.
The Gnielinski correlation tends to underestimate the experimental data, but the preci-
sion between measurements and correlations is satisfying for the whole set of experiments
in single-phase ﬂow, with a mean absolute error of about 6%, which approximately cor-
responds to the uncertainty range. That also conﬁrms the weak impact of external heat
losses on the measurements.
Since only four or six diﬀerent locations are reported along the heated test section, it is
hardly possible to plot an evolution of the heat transfer coeﬃcient or Nusselt number in
single-phase ﬂow according to the distance z from the inlet of the sapphire tube. But
given the respective measurements of each probe, this experimental evolution seems to
be consistent with the expected gradient.
Since only four or six diﬀerent locations are reported along the heated test section, it is
hardly possible to plot an evolution of the heat transfer coeﬃcient or Nusselt number in
single-phase ﬂow according to the distance z from the inlet of the sapphire tube. But
given the respective measurements of each probe, this experimental evolution seems to
be consistent with the expected gradient. Since only four or six diﬀerent locations are
reported along the heated test section, it is hardly possible to plot an evolution of the
heat transfer coeﬃcient or Nusselt number in single-phase ﬂow according to the distance
z from the inlet of the sapphire tube. But given the respective measurements of each
probe, this experimental evolution seems to be consistent with the expected gradient.
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(a) Without entrance eﬀect correction
(b) With entrance eﬀect correction
Figure 2.17: Validation of the measurement technique of heat transfer coeﬃcient in
single-phase liquid ﬂows, comparisons with the Gnielinski correlation
Since only four or six diﬀerent locations are reported along the heated test section, it is
hardly possible to plot an evolution of the heat transfer coeﬃcient or Nusselt number in
single-phase ﬂow according to the distance z from the inlet of the sapphire tube. But
given the respective measurements of each probe, this experimental evolution seems to
be consistent with the expected gradient. Since only four or six diﬀerent locations are
reported along the heated test section, it is hardly possible to plot an evolution of the
heat transfer coeﬃcient or Nusselt number in single-phase ﬂow according to the distance
Chapter 2. Experimental set-up and measurement techniques 73
Figure 2.18: Validation of the measurement technique of heat transfer coeﬃcient in
fully developed single-phase liquid ﬂows, comparison with the Gnielinski correlation;
uncertainty bars are plotted
z from the inlet of the sapphire tube. But given the respective measurements of each
probe, this experimental evolution seems to be consistent with the expected gradient.
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2.4 Experimental procedures
A whole measurement campaign proceeds in three steps: ﬁrst, some measurements are
performed under normal gravity conditions just before the parabolic ﬂights to verify
the integrity of the experimental set-up and the conformity of the results with empirical
correlations, as presented in the previous section. Then, during parabolic ﬂight campaign
(PFC), experiments are conducted under microgravity conditions and ﬁnally, relevant
parabolas are reproduced with a series of parametric tests in the laboratory in order to
compare 1-g and μ-g data.
2.4.1 Microgravity conditions
For this study, experiments were conducted under microgravity conditions, in a near-
weightless situation simulated during parabolic ﬂight campaigns. Parabolic ﬂight cam-
paigns are the only sub-orbital opportunity for experimenters to work directly on their
experimental apparatus under microgravity conditions without too severe restrictions
on the size of their set-up and the available power.
Parabolic ﬂight technique: parabolic ﬂights are ﬂights on-board a modiﬁed and
specially conﬁgured Airbus A300 B2 built in 1973, known as the A300 ZERO-G. This
aircraft is based at the Bordeaux-Me´rignac airport (France) and owned by the private
company Novespace that manages and organises six campaigns per year for the French,
German and European Space Agencies (CNES, DLR and ESA, respectively). The A300
ZERO-G realises manoeuvres, called parabolas due to their trajectory form, to simulate
microgravity, Lunar gravity or Martian gravity.
The A300 ZERO-G has to be piloted in a way it is subject to gravitational forces only
in order to create a wheightless environment for the experimenters and the experiments.
This is possible if the aircraft is following a trajectory which takes the form of a parabolic
arc (actually a short elliptic arc that can be assimilated to a parabola). During the
manoeuvres, the pilots have to both minimize the lift force and balance the drag with
the engine thrust.
Figure 2.19: Typical manoeuvre proﬁle to simulate microgravity conditions
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Figure 2.19 presents the typical manoeuvre proﬁle which follows ﬁve steps:
− every parabola begins with the aircraft ﬂying at a steady horizontal altitude. This
steady ﬂight lasts about 2 minutes and allows experiments or settings in normal gravity;
− the pilot then starts to pull up the nose of the aircraft that climbs for 20 seconds,
with an acceleration of 1.5 - 1.8g (this is known as hypergravity phase);
− as soon as an angle of 47◦ is reached, the engine thrust is reduced to the minimum
required to compensate the drag and the free fall trajectory, i.e. the μ-g phase, starts;
− during approximately 20 seconds, only gravitational forces exerce on the A300 ZERO-
G that experiences a nearly weightlessness (0g with a residual acceleration of ± 0.05g);
− at an incidence of -45◦, the pilot pulls out of the parabolic arc to return to the initial
steady ﬂight situation; this corresponds to a second hypergravity phase.
It means a parabola itself lasts about 1 minute (with two 20s long hypergravity phases,
also called 1.8-g phases, and a 20 to 22s long μ-g phase), followed by 2 minutes of steady
ﬂight in 1-g. A entire campaign includes three ﬂights, and during one ﬂight, the A300
ZERO-G accomplishes a series of 31 parabolas organised in sets of 5 or 6, with 4 or 8
minutes breaks that are used to carry out time-consuming adjustements and 1-g tests.
Figure 2.20: BRASIL team on-board the A300 ZERO-G, April 2012 - from left to
right: Gre´gory Ehses, Catherine Colin, Marine Narcy, Juergen Eisenbraun
Constraints related to parabolic ﬂights: heavy constraints related to parabolic
ﬂight inﬂuence the design of the set-up and impose a very speciﬁc experimental protocol.
First, for pratical reasons, the experiment must be very compact and easily movable,
which limits the size of the test section or establishment length, for example. Then, very
severe restrictions are imposed in order to assure the protection of the experimenters:
the materials and products used in every experimental set-up are strictly controled, a
9-g mechanical resistance must be reached, the leak-tightness and cleanliness are care-
fully veriﬁed, etc... These restrictions also include staﬀ, instrumentation and power
limitations for each experiment.
Since the experiment undergoes 1.8-g phases in addition of the normal gravity and
microgravity phases, it must be able to continuously function without being strongly
aﬀected by sudden transition between two diﬀerent phases. The drastic changes in the
gravity level can be problematic because they lead to pressure variations in the test
section. Without any PID regulation of the rotating speed of the pump, a variation
of the mass ﬂux is then observed during the parabola. The proﬁle of the main ﬂow
Chapter 2. Experimental set-up and measurement techniques 76
parameters over a parabola is illustrated in Figure 2.21. The evolution of the gravity
level, working pressure and mass ﬂux are presented over a whole parabola including
two phases of hypergravity and the microgravity period. Without PID regulation of
the pump, signiﬁcant changes in the mass ﬂux are observed depending on the phase:
the ﬂow rate decreases in hypergravity compared to steady ﬂight, and increases during
the microgravity phase, which induces changes in the conditions at the inlet of the test
section. Moreover, that causes establishment times to be more important and low mass
ﬂuxes could not be achieved. The use of a PID allowed to obtain a constant ﬂow rate
over the whole parabola, making the comparison of 1-g and μ-g data possible and low
mass ﬂuxes reachable.
The last constraint concerns the duration of the experiment and available number of
points: a parabola only provides up to 22 seconds of microgravity, which is very short
for thermal establishment and measurements (not to mention that experimenters are
ﬂoating). In addition, the number of parabolas is limited to 93 per campaign; it is
therefore very complicated to build exhaustive datasets or to ascertain the repeatability
of the measurements.
2.4.2 Participation in parabolic ﬂight campaigns
The BRASIL experiment has participated in four parabolic ﬂight campaigns between
2011 and 2014. Each campaign was an opportunity to acquire microgravity data and to
improve the measurement techniques and protocols. Important changes and observations
made during these four campaigns are summarized below.
PFC 88 - May 2011: the experiment participated in its ﬁrst measurement campaign
a few days after it was built, during the CNES PFC 88. Under the supervision of post-
doctoral researcher Erik de Malmazet, measurements were realised under microgravity
conditions with three experimenters per ﬂy, for mass ﬂuxes G between 200 kg.s−1.m−2
and 800 kg.s−1.m−2, with a void fraction probe at the outlet of the heated test section.
This measurement campaign mostly highlighted the fact that the inﬂuence of the gravity
level is negligible at high mass ﬂuxes G > 400 kg.s−1.m−2. It allowed to observe some
trends in the heat transfer coeﬃcient between 1-g and μ-g, provided results on ﬂow
patterns, but data about void fraction and pressure drops were hardly usable. The
campaigns in microgravity and on-ground were useful to narrow test conditions for
future experiments, in particular with a reduced mass ﬂux range, and to design a lot
of modiﬁcations in the set-up, including new void fraction probes and improvements in
the cooling system where malfunctionings occured. The experimental results presented
in the next chapter do not include measurements from this campaign.
PFC 95 - Avril 2012: multiple tests and modiﬁcations enabled another team to
ﬂy one year later on a CNES campaign, with a fully functioning experiment with two
eﬃcient void fractions at 8Hz on a stand alone interface, and a diﬀerential thermocouple
on the heated test section. Only two diﬀerential pressure transducers were used on the
adiabatic section at the outlet of the sapphire tube.
For this campaign, moderate mass ﬂuxes were investigated and the range was narrowed
to 100 - 400 kg.s−1.m−2. Inlet conditions corresponded to subcoolings up to 15◦ or
vapor qualities up to 30%. Heat ﬂux q ranged between 1 W.cm−2 and 3.5 W.cm−2.
Interesting data were collected for ﬂow pattern, pressure drops, void fraction and heat
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transfer coeﬃcient calculations. Experimental results were published in IJMF [Narcy
et al., 2014] and it was decided to investigate lower mass ﬂuxes to complete the dataset.
(a) Without PID regulation
(b) With PID regulation
Figure 2.21: Gravity level, pressure and mass ﬂux proﬁles during a parabola, with
and without PID regulation on the pump
PFC 106 - October 2013: some modiﬁcations were made for the CNES PFC 106. The
pump was replaced by a micropump allowing to reach very low mass ﬂuxes and a PID
regulation was added to compensate for the pressure variations due to sudden changes
in the gravity level, which enabled to compare data acquired during the steady ﬂight in
1-g and microgravity data. Mass ﬂux proﬁles without and with the PID regulation are
shown in Figure 2.21. The ﬁeld of view of the high-speed camera was enlarged (a length
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of 7cm was imaged near the outlet of the test section). The void fraction probes were
slightly modiﬁed: the internal design changed a little, the acquisition frequency was
increased to 40 Hz and the capacitance signal was acquired on the National Instrument
DAQ with the other measurements. A third diﬀerential pressure transducer was added
on the heat sapphire tube. A new system with Nylon screws was built to press the
Pt100 probes on the external surface of the sapphire tube and four probes were added
to measure the wall temperature at diﬀerent locations, including repeatability points.
For this campaign, mass ﬂuxes G between 100 kg.s−1.m−2 and 200 kg.s−1.m−2 were
investigated with a few series at 50 kg.s−1.m−2. For these very low mass ﬂuxes, mea-
surements are hardly usable because of dry-outs that occur when the inlet conditions
correspond to very small subcoolings or saturated regimes with xin > 0. Moreover, a
problem with the cold junction compensation of the NI DAQ made the temperature
measurements diﬃcult to process. The acquisition of the capacitance signal on the NI
DAQ was very convenient during the parabolic ﬂights but more important noises were
observed, which greatly decreases the precision on the void fraction data. Nevertheless,
experimental results are presented with the corresponding uncertainties.
PFC 110 - April 2014: the IMFT team with four members ﬂew during the last
parabolic ﬂight campaign of BRASIL with ESA. Only the void fraction at the oulet
of the sapphire tube worked, and its signal was aquired on a stand alone interface
to limit measurement noises. The issue about the cold junction problem was solved.
A malfunctioning occured during the campaign in one of the two diﬀerential pressure
transducers on the adiabatic section, and an overpressure valve failure prevented the
acquisition of the very last ﬁve parabolas of the campaign.
Same inlet condition were set and special attention was paid to the runs at very low
mass ﬂuxes (series at 50 kg.s−1.m−2 and additional points at 75 kg.s−1.m−2). For these
two mass ﬂow rates, only subcooled regimes were studied, with limited wall heat ﬂuxes
between 0.4 W.cm−2 and 2 W.cm−2. The use of a diﬀerent high-speed camera during
the laboratory campaign that follows parabolic ﬂights enabled to image the whole tube
during parametric runs. Corresponding experimental results are also presented in the
next Chapter.
2.4.3 Test matrix and experimental protocols
Test matrix for parabolic ﬂight campaign and on-ground laboratory campaigns are dif-
ferent, mostly due to the limitations in the available number of parabolas and in the
duration of microgravity conditions.
During parabolic ﬂight campaign: due to the above-mentioned constraints of parabolic
ﬂights and to the campaigns infrequency, test conditions and sequences have to be care-
fully elaborated and well planed. Therefore, a complete test matrix is developed to
structure all the experiments that need to be carried out just before the ﬁrst ﬂight. Test
matrix for the second and third ﬂight are written after a preliminary reduction of the
data from the ﬁrst ﬂight, in order to complete the dataset and adapt or redo failed runs.
The working pressure is maintained between 1 and 1.5 bar but remains hardly adjustable.
Not to waste parabolas, relevant combinaisons of mass ﬂux G, inlet conditions ΔTsub
or xin (through the setting of the preheaters) and wall heat ﬂuxes q have to be made.
However, the choice of ﬂow parameter ranges also depends on the manoeuvre sequence
that limits the duration of each phase.
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The acquisition of measurement signals from the NI DAQ and the void fraction program
starts 10 to 30 seconds before the ﬁrst hypergravity phase; experimental data therefore
cover 1-g, 1.8-g and μ-g phases. However, the time required to save the images from ﬂow
visualisations with the high-speed camera between two consecutive parabolas only allows
to acquire data corresponding to the microgravity phase. The measurements performed
on the adiabatic section are carried out at the same time as the measurements on the
heated test section.
Laboratory campaigns: one or two on-ground measurement campaigns follow each
parabolic ﬂight campaign to make a comparison between 1-g and μ-g data or to improve
the experiment. These campaigns consist in the conduction of 130 to 250 vapor-liquid
parametric runs complemented by single-phase tests. Additional experiments can be
carried out to replicate the exact test conditions of various runs in microgravity.
No time constraint applies during measurement campaigns in the laboratory. Thus, ﬂow
parameters are carefully set and the working pressure is controled. A lot of points are
acquired to cover large ranges of boiling ﬂow patterns and regimes. Like for microgravity
measurements, experiment at low vapor qualities are conducted ﬁrst. The measurement
procedure of the parametric runs is the following:
− after setting the pressure to slightly more than 1bar, G is adjusted (only one time for
a whole series, since the PID regulation eﬃciently maintains a steady mass ﬂux);
− for a given mass ﬂux, the preheater power input is then changed to reach a speciﬁc
subcooling or the desired vapor quality at the inlet of the sapphire tube. Due to the im-
portant thermal inertia in the preheaters, the power has to be increased very gradually
to prevent bubble accumulation inside the heaters. Slight induced pressure variations
can help to achieve ﬁne-tuning of these inlet conditions;
− since p increases with the temperature, pressure adjustments are performed to main-
tain its value around 1.2 bar, by decreasing the power on the preheaters if necessary;
− ﬁnally, when the desired mass ﬂux and inlet conditions are reached, the power input
of the ITO coating on the sapphire tube, i.e. the wall heat ﬂux, is changed;
− after a few seconds devoted to thermal establishment, the simultaneous acquisition
of measurement signals from the NI DAQ, the void fraction probes and the high-speed
camera (that all are synchronised) is started. 20 to 30s are aquired before the wall heat
ﬂux is changed again.
A whole series consists in 4 to 6 steps of wall heat ﬂux for one given mass ﬂux and
one subcooling / inlet vapor quality. Between series with diﬀerent mass ﬂuxes or inlet
conditions, single-phase ﬂow measurements are performed to correct the eﬀects of the
electronics temperature drift on the void fraction data or to verify the correct operation
of pressure transducers. Table 2.10 presents the diﬀerent ranges of ﬂow parameters that
correspond to the experimental results presented in Chapter 3.
p  1.2 bar ΔTsub = 15, 10 or 5◦C xin = 0, 0.05 or 0.1 xin = 0.2 or 0.3
G = 400 q = 1, 2, 3.3 or 4
G = 200
G = 100 q = 0.4, 1, 2, 3.3 or 4
G = 75 q = 0.4, 1, 2 or 3.3 -
G = 50
Table 2.10: Ranges of ﬂow parameters set during experiments under microgravity
and normal gravity conditions (G is in kg.s−1.m−2 and q in W.cm−2)
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2.5 Experiment of the University of Maryland (UMD)
The UMD experiment (under the supervision of Jungho Kim and Alex Scammell) is
described in this section with more details than the other experimental set-ups, because
a fellowship granted by the University of Toulouse allowed a 3 months long collaboration
between IMFT and the University of Maryland, including work on the American test
rig, measurements during a parabolic ﬂight campaign, reduction of microgravity data
and a common publication that can be found in Appendix B.
2.5.1 Experimental set-up
The UMD experimental apparatus consists of a hydraulic loop, transducers and support-
ing electrical equipment required for the rig’s functionality both in the lab and aboard
parabolic ﬂights, everything being very similar to the BRASIL circuit. The working ﬂuid
used during testing is 3M Novec HFE-7100, whose properties are generally very close to
the ones of HFE-7000, with a boiling temperature of 61◦C at atmospheric pressure.
Figure 2.22: Functional diagram for UMD test rig
A schematic of the loop is shown in Figure 2.22. Liquid-HFE-7100 is pumped using a
micro gear pump and the ﬂow rate is measured using an Omega turbine ﬂowmeter. The
liquid is then heated to a speciﬁc inlet subcooling temperature or quality using a stainless
steel preheater before entering the test section in a vertical upward ﬂow conﬁguration.
Preheater input power is supplied by a modiﬁed Silverstone computer power unit and
controlled using pulse width modulation via a LabVIEW interface.
The test section consists of a heated 6mm ID silicon tube, where the heat transfer mea-
surements and ﬂow visualization are performed, and two void fraction sensors upstream
and downstream of the silicon tube. The silicon is resistively heated using a high voltage
power supply to either induce or continue boiling within the ﬂow.
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Vapor exiting the test section is condensed and subcooled in a counterﬂow heat exchanger
where the secondary ﬂuid is ice water. A bellows-type accumulator is included after the
condenser, so that the system pressure can be maintained at nominally 1bar using an air
pump regulated by an adjustable pressure relief valve. After leaving the accumulator,
the ﬂuid is recirculated through the pump and cycles through the ﬂow loop again.
Data are collected using an Omega 24-channel data acquisition system and recorded at
a rate of 100 Hz using a LabVIEW interface. IR video for heat transfer measurements
is captured using an Electrophysics Silver 660M camera at a rate of 250 Hz.
2.5.2 Measurement techniques
The UMD experiment is instrumented to study heat transfer coeﬃcient, void fraction
and pressure drop, but special attention is paid to the measurements with the IR camera
to characterise local heat transfer coeﬃcients under microgravity conditions.
Liquid temperature data are acquired for safety purposes or for the calculations of vapor
quality and ﬂuid properties. The UMD experiment uses type T thermocouples, with an
accuracy of ± 0.12◦C. Pressure taps are located at the inlet and outlet of the heat
transfer measurement section for both diﬀerential and absolute pressure measurements.
These data are diﬃcult to process since the measurements are performed on a heated
section where the acceleration term has to be calculated. Void fraction data are also
acquired with capacitance probes designed and built at the IMFT for the rig on the
model of the probes from BRASIL (with a better sensitivity and precision, and the
same calibration protocols).
Heat transfer measurements and ﬂow visualisations are captured using an IR thermom-
etry technique that utilised the transparency of silicon in the mid-IR optical range [Kim
et al., 2012]. HFE-7100 passes through the 6mm ID / 8mm OD single crystal silicon
tube whose inner wall is coated with a thin thermally insulating layer of polyimide tape
as can be seen in Figure 2.23. One half of the inner circumference is covered with an IR
opaque paint containing carbon black, which allows an eﬀective inner wall temperature
to be measured through the silicon and polyimide layer. The same procedure is con-
ducted for two strips aligned axially on the outer wall of the tube so that the eﬀective
outer wall temperature can be measured.
Figure 2.23: UMD measurement technique with IR camera
To determine the actual inner and outer wall temperatures, the optical properties of the
various layers must be included. A coupled conduction and radiation problem is solved
which accounts for absorption, emission, and reﬂection of thermal energy from the layers
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and the surroundings to determine the temperature proﬁles within the multilayer. The
heat ﬂux and heat transfer coeﬃcient can then be calculated for every camera pixel
along the axial length of the tube at much higher spatial resolution than traditional
methods. To complement these measurements, the ﬂow is also visualised using a set
of six gold-plated mirrors (right image of Figure 2.23). In this way, ﬂow visualisation
and heat transfer measurements can be captured simultaneously using a single camera.
However, the quality of ﬂow video does not allow to precisely observe all ﬂow features.
The infrared thermography is validated through single-phase and two-phase vertical
upward ﬂow testing. In the ﬁrst case, comparison is made between the experimental heat
transfer coeﬃcient measured along the silicon length and the Dittus-Boelter correlation
(Equation (1.65)) with a correction factor for entrance eﬀects proposed by Al-Arabi
(Equation (1.68)), as seen in Figure 2.24. Good agreement between the two is observed.
Figure 2.24: UMD heat transfer measurement validation in single-phase ﬂow
2.5.3 Measurement campaigns
During the collaboration between IMFT and UMD, the UMD experiment had the op-
portunity to participate in a parabolic ﬂight campaign with the CNES and Novespace
(PFC 102, April 2013). During this campaign, only one void fraction probe at the outlet
of the test section was working. An issue in the cooling system caused the experimental
points from the ﬁrst day to be lost, but usable data were acquired on the two last days
with subcooled inlet conditions for mass ﬂuxes G = 50, 100 and 200 kg.s−1.m−2, and
wall heat ﬂuxes q = 0.3, 0.6 and 1.2 W.cm−2.
UMD experimentators performed numerous runs in normal gravity after the parabolic
ﬂights, during an extensive laboratory measurement campaign, which allows them to
widen mass ﬂuxes and heat ﬂuxes ranges and to obtain better ﬂow videos by ﬁlming an
adiabatic glass section at the outlet of the heated test section. Data obtained during
this lab campaign are not reported here and will be presented in Scammell’s thesis.
Chapter 2. Experimental set-up and measurement techniques 83
Conclusion
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BRASIL experiment has been designed and built at IMFT in order to compensate
for a lack of consistent data on ﬂow boiling under microgravity conditions. This
hydraulic loop, that circulates HFE-7000, enables the experimenter to study void
fraction, interfacial and wall shear stresses, and heat transfer coeﬃcient as well
as to obtain ﬂow visualisations during during lab or parabolic ﬂight campaigns. A
vertical heated test section consisting in a 6mm ID sapphire tube coated with ITO
which allows a uniform heating by Joule eﬀect was used during the measurement
campaigns.
The experimental set-up is instrumented to acquire various data and for safety rea-
sons too. Instrumentation includes thermocouples for liquid temperature measure-
ments, Pt100 probes for outer sapphire wall temperature measurements, absolute
pressure sensors and diﬀerential pressure transducers located on the heated section
and on an adiabatic length at the outlet of the sapphire tube. Speciﬁc capacitance
probes have been carefully designed, built and calibrated at IMFT to acquire void
fraction data. Flow regimes are visualised with a high-speed camera.
The corresponding measurement protocols are tested under normal gravity condi-
tions in single-phase ﬂow, by confronting heat transfer coeﬃcients and pressure
drops to empirical correlations. Special attention is paid to the estimation of un-
certainty to properly characterise every parameter, especially for the calculation of
the vapor quality that is used to describe the evolution of other data.
Microgravity conditions are achieved during parabolic ﬂight campaigns operated on-
board the aircraft A300 ZERO-G of Novespace (France). Each campaign provides
93 phases of microgravity lasting 22 seconds. BRASIL experiment participated in
4 parabolic ﬂight campaign since April 2011. Parametric lab tests are performed
to complete the datasets with runs under normal gravity conditions.
A ﬁfth campaign allowed to ﬂy the experiment from the University of Maryland, as
a part of the collaboration between IMFT and UMD. This experimental apparatus,
similar to BRASIL, uses an IR camera to obtain local measurements of the heat
transfer coeﬃcient. This project provided comparison material to confront datasets
under microgravity conditions.
Experimental results provided by the aforementioned experimental apparatus during
lab and parabolic ﬂight campaigns as well as the comparisons with other micrograv-
ity datasets are presented in the next chapter.

Chapter 3
Experimental results
Experimental results from three parabolic ﬂight campaigns and vari-
ous on-ground measurements campaigns are presented and discussed
in this chapter. Raw data along with calculated values are provided to
characterise ﬂow patterns, void fraction, wall and interfacial shear
stresses, and heat transfers coeﬃcient. Diﬀerences between normal
gravity and microgravity conditions are analysed to highlight the in-
ﬂuence of gravity level. Comparisons are also drawn with experimen-
tal points from the microgravity datasets that have been presented in
Chapters 1 and 2.
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Les re´sultats expe´rimentaux obtenus avec le banc d’essai BRASIL lors de trois cam-
pagnes de vols paraboliques et de multiples campagnes de mesure en laboratoire sont
pre´sente´s et discute´s dans ce chapitre. Ils sont fournis sous forme de donne´es brutes
et de parame`tres calcule´s aﬁn de caracte´riser dans un premier temps les re´gimes
d’e´coulement, puis le taux de vide et les e´paisseurs de ﬁlm correspondantes en e´coulement
annulaire, les frottements parie´taux et interfaciaux, et enﬁn les coeﬃcients d’e´change
de chaleur. Les diﬀe´rences de comportement induites par les changements de gravite´
sont analyse´es aﬁn de de´terminer l’inﬂuence de la gravite´ sur les me´canismes de
l’e´bullition convective. Des comparaisons sont e´galement faites avec les donne´es
expe´rimentales actuellement disponibles en microgravite´ et qui ont e´te´ introduites
dans les chapitres 1 et 2.
Re´gimes d’e´coulement
Les re´gimes d’e´coulement sont visualise´s par l’interme´diaire d’une came´ra rapide qui permet
de ﬁlmer une portion du tube. Les sondes de taux de vide peuvent e´galement fournir
des informations sur le re´gime suivant la forme du signal de´livre´. Trois principaux re´gimes
d’e´coulement ont e´te´ identiﬁe´s sur la plage de parame`tres e´tudie´s par BRASIL. Les proble`mes
de ﬂux critique ne sont pas traite´s dans cette the`se.
Les e´coulements a` bulles sont observe´s pour des e´coulements en e´bullition sous-refroidie,
correspondant a` de faibles titres en vapeur. Les bulles nucle´ent sur la paroi chauﬀe´e, glissent
le long de cette paroi et se de´tachent. L’inﬂuence de la gravite´ sur ces re´gimes est clairement
visible pour des ﬂux de masse infe´rieurs a` 400 kg.s−1.m−2 : en microgravite´, les bulles sont
plus larges et moins de´forme´es (forme sphe´rique) qu’en gravite´ normale. Le phe´nome`ne de
coalescence est en eﬀet encourage´ par la faible diﬀe´rence de vitesse entre les bulles et une
augmentation du diame`tre de bulles au de´tachement.
Une augmentation du titre en vapeur proche de la saturation me`ne a` des e´coulements de
bulles denses incluant des bulles de Taylor, que la coalescence transforme en e´coulement
poche-bouchon, la taille des bouchons diminuant avec x. Les bouchons de liquide qui
alternent avec les poches transportent des nuages de petites bulles. La classiﬁcation des
e´coulements de transition et des e´coulements a` poches-bouchons est tre`s subjective ; ces
derniers ont donc e´te´ rassemble´s dans une meˆme cate´gorie. Comme ces re´gimes sont diﬃciles
a` de´crire et tre`s sensibles aux variations de pression ou de titre, il est e´galement diﬃcile de
de´terminer l’inﬂuence de la gravite´ sur la structure de l’e´coulement.
Les e´coulements annulaires sont observe´s en e´bullition sature´e : lorsque le titre est important,
la vapeur occupe le centre du tube tandis que le liquide s’e´coule a` la paroi sous forme de
ﬁlm. Selon les conditions d’expe´rimentation, une fraction liquide peut eˆtre arrache´e au ﬁlm
et entraˆıne´e dans le cœur de vapeur. Dans ce type d’e´coulement, la gravite´ joue surtout sur
l’e´paisseur du ﬁlm a` la paroi, ce qui n’est pas observable a` l’œil nu.
Ces trois cate´gories de re´gime d’e´coulement peuvent eˆtre reporte´es sur des cartes de conﬁgu-
ration pre´sentant l’ensemble des points expe´rimentaux en fonction des vitesses superﬁcielles
de vapeur et de liquide. Ces cartes, trace´es en gravite´ normale et re´duite, mettent en
e´vidence des transitions de re´gime a` titre constant, qui se produisent a` peu pre`s au meˆme
moment, quelque soit le niveau de gravite´ : les e´coulements de transition et poche-bouchon
apparaissent a` x  0.05 tandis que les e´coulements annulaires sont observe´s pour x > 0.13.
Taux de vide et e´paisseur de ﬁlm
Comme pour les re´gimes d’e´coulement, l’e´volution du taux de vide est de´crite en fonction
du titre. Le trace´ des donne´es fournies par les sondes capacitives mettent en e´vidence
une inﬂuence du ﬂux de masse et du niveau de gravite´ sur cette grandeur. En e´bullition
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sous-refroidie, pour les e´coulements a` bulles (observe´s pour α < 0.7) et e´coulements poche-
bouchon (0.7 < α < 0.8), il est diﬃcile de distinguer des tendances. Cependant, en e´bullition
sature´e, le taux de vide a` titre constant augmente avec une diminution du de´bit, et augmente
e´galement avec une diminution du niveau de gravite´.
Cette observation se re´percute directement sur l’e´volution de l’e´paisseur de ﬁlm liquide, cal-
cule´e en e´coulement annulaire : δ diminue lorsque le de´bit augmente, et est plus importante
en gravite´ normale qu’en microgravite´.
Frottements parie´taux et interfaciaux
Le frottement parie´tal de´pend aussi fortement du titre en vapeur, les deux grandeurs e´voluant
dans le meˆme sens. Une augmentation du de´bit a` titre donne´ entraˆıne une augmentation
conse´quente de τw. Le niveau de gravite´ joue e´galement un roˆle important dans l’e´volution du
frottement, puisqu’il n’y a pas besoin de soustraire le terme gravitationnel faisant intervenir
le taux de vide du gradient total de pression en microgravite´. Pour des de´bits importants,
la diﬀe´rence entre gravite´ normale et gravite´ re´duite est ne´gligeable, sur toute la plage de
titre. Au contraire, a` faible de´bit, le frottement parie´tal est largement supe´rieur en gravite´
normale, quelque soit le titre.
Les meˆmes constatations peuvent eˆtre faites sur le frottement interfacial calcule´ en e´coulement
annulaire. Le coeﬃcient de frottement augmente avec le de´bit, et est plus important en
gravite´ normale qu’en microgravite´, meˆme a` ﬂux de masse important. Une diﬀe´rence de
comportement est tout de meˆme notable a` tre`s faible de´bit, sur l’e´volution du frottement
en fonction du titre, avec une de´croissance du coeﬃcient de frottement en e´bullition sous-
refroidie.
Coeﬃcient d’e´change de chaleur
Le coeﬃcient d’e´change est mesure´ localement a` plusieurs endroits du tube de saphir.
Comme pour les grandeurs pre´ce´dentes, son e´volution est trace´e en fonction du titre en
vapeur, mais elle est e´galement inﬂuence´e par le de´bit et le ﬂux de chaleur impose´ a` la
paroi. D’une manie`re ge´ne´rale, une augmentation du ﬂux de masse ou du ﬂux de chaleur
a` titre ﬁxe´ correspond a` une augmentation du coeﬃcient d’e´change de chaleur. L’inﬂuence
du de´bit sur h est cependant plus conse´quente en e´bullition sature´e, alors que le ﬂux de
chaleur parie´tal conditionne fortement les e´changes thermiques en e´bullition sous-refroidie,
ou en re´gime sature´ a` bas de´bit, mettant en e´vidence la contribution importante du terme
de nucle´ation dans ces conditions.
La description de l’inﬂuence du niveau de gravite´ sur h de´pend donc fortement des con-
ditions de titre, de de´bit et de ﬂux de chaleur parie´tal. En e´bullition sous-refroidie, h est
syste´matiquement infe´rieur en microgravite´, de 10 a` 30% par rapport a` la gravite´ normale.
En e´bullition sature´e, aux de´bits importants pour lesquels les transferts de chaleur sont
domine´s par l’e´bullition convective, la gravite´ joue peu sur h, quelque soit q. Par contre,
a` de´bits faibles et mode´re´s, lorsque le terme d’e´bullition nucle´e´e devient pre´ponde´rant, le
coeﬃcient d’e´change de chaleur diminue avec le passage en microgravite´.
Aﬁn de mieux appre´hender l’inﬂuence de la gravite´ sur les grandeurs e´tudie´es pre´ce´demment,
les donne´es expe´rimentales sont confronte´es dans le chapitre suivant a` des corre´lations em-
piriques et des mode`les permettant de les relier entre elles.
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3.1 Flow patterns
A description of two-phase ﬂow patterns is given in this section for boiling HFE-7000 ﬂow
under normal gravity and microgravity conditions. The observation of ﬂow patterns is
mostly based on the processing of images provided by the high-speed camera and only lab
data are available for 1-g conditions (the ﬂow data corresponding to steady ﬂight at 1-g
during parabolic ﬂight are not acquired). The ﬂow patterns that are encountered in both
situations are characterised through camera images. The inﬂuence of ﬂow parameters on
these ﬂow patterns is presented in ﬂow pattern maps that allow to discuss experimental
transition criteria.
3.1.1 Visualisation
The high speed camera allows to visualise ﬂow patterns for various mass ﬂuxes G, inlet
conditions (corresponding to a subcooling ΔTsub or an inlet vapor quality xin) and heat
ﬂuxes q through the ITO coating. Three main ﬂow patterns, easily identiﬁable, have been
observed under both normal gravity and microgravity conditions: bubbly ﬂow, annular
ﬂow and a transitional ﬂow pattern between bubbly and annular ﬂows corresponding to
slug and churn ﬂows. This last ﬂow regime is characterised by its intermittency on the
void fraction α.
The relevant parameter used to study the evolution of two-phase ﬂow patterns is the
vapor quality x.
Bubbly ﬂow: at low vapor qualities corresponding to subcooled regimes (Tl < Tsat),
bubbly ﬂows occur. Bubbles are nucleated on the heated inner surface of the sapphire
tube, they slide along the wall and detach. Bubbles grow due to phase change and also
to coalescence phenomenon. Bubbles whose length is smaller than the inner diameter
of the tube D are categorised as ”small bubbles” whereas bubbles that are larger in
length than D are known as ”elongated bubbles”. Bubbly ﬂows as classiﬁed in this
study mostly corresponds to small bubbles distributions, with dispersed bubbly ﬂows at
low vapor quality and dense bubbly ﬂow near the transition to slug ﬂow.
Figure 3.1 shows a comparison between bubbly ﬂows in 1-g and μ-g for the same ﬂow
parameters (G, x and q). Two diﬀerent mass ﬂuxes are illustrated here: a ”high” mass
ﬂux G = 540 kg.s−1.m−2 and a ”moderate” mass ﬂux G = 220 kg.s−1.m−2, both at
ΔTsub = 12
◦C and q = 2 W.cm−2. The impact of gravity level on the bubble size and
shape is not signiﬁcant in the videos for high mass ﬂuxes, such as in Figure 3.1(a) but
it can be clearly seen for moderate and low mass ﬂuxes, such as in Figure 3.1(b).
For mass ﬂuxes G < 250 kg.s−1.m−2, under microgravity conditions, bubbles are larger
than in 1-g and are not deformed because they have a very small relative velocity com-
pared to the liquid velocity. The larger bubble size in microgravity can be explained
by both the higher rate of coalescence due to the small relative motion of the bubbles
and the larger diameter at detachment, since only the liquid drag is responsible for the
detachment in μ-g.
Slug ﬂow: from bubbly ﬂow, as quality increases, dense bubbles distributions including
a few Taylor bubbles (bullet shaped bubbles with a smooth interface) can be observed.
Coalescence phenomenon then leads to slug ﬂow with Taylor bubbles, whose length
increases with vapor quality. The liquid plugs in between the elongated bubbles carry
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(a) G = 540 kg.s−1.m−2 in 1-g (left)
and in μ-g (right)
(b) G = 220 kg.s−1.m−2 in 1-g (left)
and in μ-g (right)
Figure 3.1: Flow visualisations for bubbly ﬂows, ΔTsub = 12
◦C, q = 2 W.cm−2
small bubbles distribution whose density mostly depends on the conditions at the inlet
of the sapphire tube; these bubbles move nearly at the same velocity than the cylindrical
Taylor bubbles.
Figure 3.2: Flow visualisations for slug ﬂows in 1-g (left) and in μ-g (right), G = 220
kg.s−1.m−2, xin = 0.05, q = 2 W.cm−2
Figure 3.2 shows pictures from slug ﬂows with very close ﬂow parameters values, in
1-g and μ-g, at G = 220 kg.s−1.m−2 with a low inlet vapor quality xin = 0.05 and a
moderate wall heat ﬂux q = 2 W.cm−2. The diﬀerence between the two gravity levels is
hardly visible on the ﬂow videos, even at moderate and low mass ﬂuxes. The nose of the
Taylor bubbles is almost perfectly spherical in μ-g while it can be destabilised in 1-g,
depending on the ﬂow rate and wall heat ﬂux. The small bubbles in between the liquid
plugs are more spherical in μ-g since they are the residues of the bubbles coming from
the preheaters, that are not deformed; in 1-g, these small bubbles are more irregular and
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created by entrainement at the rear of Taylor bubbles. In the liquid ﬁlm around Taylor
bubbles, nucleation of small bubbles is visible both in normal gravity and microgravity.
Annular ﬂow: once the gas core from elongated bubbles in slug ﬂow is no longer
interrupted by liquid plugs, annular ﬂow is observed. These regimes correspond to
saturated ﬂow boiling for vapor quality above 10%. The liquid is ﬂowing at the wall
around a vapor core. The liquid ﬁlm can become very thin and wavy because of the
strong interfacial shear stress induced by the vapor core ﬂow. Roll waves at the vapor-
liquid interface are visible on the videos depending on the ﬂow parameters. At the
highest qualities and mass ﬂuxes, some liquid droplets are also detached from the ﬁlm
surface and entrained into the vapor core. The settings of the high-speed camera and
the investigated ﬂow parameter ranges have not allowed to clearly see nucleation in the
liquid ﬁlm at the wall. The classiﬁcation ”annular ﬂow” groups together wavy-annular
ﬂow and smooth annular ﬂow, with or without liquid entrainment in the core.
Figure 3.3: Flow visualisations for annular ﬂows in 1-g (left) and in μ-g (right), G =
200 kg.s−1.m−2, xin = 0.20, q = 2 W.cm−2
Figure 3.3 shows annular ﬂow visualisations at the same ﬂow parameters values, in 1-
g and μ-g, at G = 200 kg.s−1.m−2 with a high inlet vapor quality xin = 0.20 and a
moderate wall heat ﬂux q = 2 W.cm−2. The diﬀerence between the two gravity levels
is not visible to the naked eye on the ﬂow videos since the spatial resolution and the
optical distortion do not allow to appreciate the variations in the liquid ﬁlm thickness,
even with thicker ﬁlms at moderate vapor qualities.
Transition ﬂow: several intermediate regimes are observed between bubbly, slug and
annular ﬂow regimes which are themselves clearly described. These regimes are classiﬁed
as transition ﬂow since their description is very subjective. They occur for low liquid
subcooling or for saturated boiling at low inlet qualities. Transition ﬂows include bubbly-
slug ﬂows (alternation of bubbles and small slugs between bubbly ﬂow and slug ﬂow,
as can be seen in Figure 3.4(a)), and frothy slug-annular ﬂows (between slug ﬂow and
annular ﬂow, where frothy slugs containing very small bubbles appear when the gas
core breaks up, as illustrated in Figure 3.4(b)). This category also contains churn ﬂow
characterised by the presence of a very thick and unstable liquid ﬁlm, but that speciﬁc
regime has rarely been observed in 1-g experiments and is hardly distinguishable.
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(a) Bubbly-slug ﬂow, ΔTsub
= 9◦C
(b) Frothy slug-annular
ﬂow, ΔTsub = 5
◦C
Figure 3.4: Flow visualisations for transition ﬂows,
G = 50 kg.s−1.m−2, q = 2 W.cm−2, in μ-g
No comparison has been drawn between normal gravity and microgravity conditions for
transition ﬂow visualisations because a small variation in the ﬂow parameters (including
working pressure) leads to a change in the ﬂow structure that can hardly be objectively
described.
Figure 3.5: Void fraction time evolution for single-phase liquid and vapor ﬂows and
two-phase bubbly, slug and annular ﬂows
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Void fraction sensors: ﬂow patterns can be determined from ﬂow visualisations pro-
vided by the high-speed camera but also from the signal of the void fraction probes,
as illustrated in Figure 3.5. Bubbly ﬂows correspond to low void fraction close to the
all-liquid level while annular ﬂow data (with a vapor core) are observed for higher void
fraction values near the all-vapor line. Slug ﬂow is characterised by its intermittency,
which is clearly visible on the signal oscillations between low and high void fraction
values, even if spatial resolution and time resolution of the capacitance measurements
do not allow to clearly see the slug passage.
However, the void fraction probes signals do not allow to distinguish transition ﬂows from
bubbly, slug and annular ﬂows because of the poor space resolution of the measurements.
Void fraction signals are therefore not used to determine ﬂow patterns.
3.1.2 Eﬀects of ﬂow parameters on ﬂow regimes
In this section, the parametric inﬂuence of the main ﬂow parameters (mass ﬂux G,
wall heat ﬂux q and vapor quality x) on the ﬂow patterns is discussed. This analysis is
valid under both normal gravity and microgravity conditions although experimental val-
ues corresponding to transitions between the main identiﬁed ﬂow patterns may slightly
change according to gravity level.
The vapor quality x is in fact the most relevant parameter needed to describe the
evolution of ﬂow patterns. The other ﬂow parameters (such as the mass ﬂux G, the
inlet conditions or the wall heat ﬂux q) aﬀect the ﬂow structure to the extent that they
induce variations in the vapor quality:
− at ﬁxed wall heat ﬂux and inlet conditions, an increase of the mass ﬂux leads to a
decrease in the vapor quality and vice versa. As a result, bubbly ﬂows can be observed
for a large number of combinations of q and ΔTsub at G = 200 kg.s
−1.m−2 while they
only occur on very restricted ranges of ﬂow parameters at G = 50 kg.s−1.m−2;
− at ﬁxed mass and heat ﬂuxes, inlet conditions directly determine the local vapor
quality. At high mass ﬂuxes, setting a desired subcooling at the inlet of the test section
almost always leads to the observation of bubbly ﬂow along the whole tube, whereas a
given inlet vapor quality causes the ﬂow to be annular;
− at ﬁxed mass ﬂux and inlet conditions, an increase of the wall heat ﬂux results in a
increase of the vapor quality through further vaporisation.
An illustration of the inﬂuence of both the inlet conditions and the wall heat ﬂux is
presented in Figure 3.6 for G = 200 kg.s−1.m−2: ﬂow visualisations are provided for
various combinations of ΔTsub (between 10
◦C and saturation conditions) / xin (up to
25%) and q (up to 3 W.cm−2) at a distance z  12cm from the inlet of the heated
section. At this ﬂow rate, the ﬂow pattern can be considered as invariable along the
tube since the test section is rather short and the wall heat ﬂuxes limited.
At G = 200 kg.s−1.m−2, the available settings of wall heat ﬂux and inlet conditions
are enough to cover the whole range of ﬂow pattern, from single-phase ﬂow to smooth
annular ﬂow, including dispersed and dense bubbly ﬂows, slug ﬂow, transition ﬂows and
wavy-annular ﬂow. On the graphic, the local vapor quality increases both with q and
with xin: the bottom right picture represents the ﬂow pattern corresponding to the
highest values of x with around 60% of vapor.
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Figure 3.6: Inﬂuence of the inlet conditions and wall heat ﬂux on ﬂow patterns
for G = 200 kg.s−1.m−2 (lab tests, July 2012)
3.1.3 Evolution along the tube
Since this study focuses on two-phase boiling ﬂow before the CHF, and because of safety
reasons related to experiments during parabolic ﬂight campaigns, dry out conditions are
avoided. To achieve that, it is necessary to predict the structure of the ﬂow at the outlet
of the heated test section depending on the combinations of ﬂow parameters that are
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set. However, the high-speed camera allows to monitor only a restricted length of the
sapphire tube in microgravity, and the ﬂow pattern observed on the videos may not
correspond to the ﬂow pattern at the outlet of the test section, where measurements of
void fraction, temperature and pressure drops are performed.
For that reason, one on-ground measurement campaign used a diﬀerent high-speed cam-
era to ﬁlm the entire sapphire tube and appreciate the evolution of ﬂow pattern along the
test section according to various ﬂow parameters settings. Some results are illustrated
in Figure 3.7 for subcooled inlet conditions.
For high mass ﬂuxes (G = 200 and 400 kg.s−1.m−2), the velocities are high enough and
the heated length of the test section is short enough to prevent an important evolution
of the vapor quality along the sapphire tube, for both subcooled (as illustrated in Figure
3.7(b)) and saturated inlet conditions. For almost any ﬂow parameters combination,
the same ﬂow pattern can be observed between the inlet and outlet of the test section,
with an increase in the bubble frequency for bubbly ﬂows when the distance z increases,
and a thinner liquid ﬁlm at the wall near the outlet of the tube for annular ﬂows. The
maximal increase in the vapor quality along the tube (obtained with saturated inlet
conditions and high wall heat ﬂuxes) amounts to 10% for G = 200 kg.s−1.m−2 and is
even lower for G = 400 kg.s−1.m−2.
However, for low mass ﬂuxes (G = 50 and 75 kg.s−1.m−2), the evolution of the vapor
quality (and therefore of the ﬂow pattern) along the sapphire is very signiﬁcant, even at
high subcoolings or low wall heat ﬂuxes, as shown in Figure 3.7(a). The whole range of
ﬂow pattern can be observed with subcooled inlet conditions and high vapor qualities
are reached at the outlet of the sapphire tube. For that reason, only subcooled tests were
performed at low mass ﬂuxes: runs where the ﬂuid entered the test section in saturated
conditions only lead to dry outs and malfunctioning in the cooling system. For these
mass ﬂuxes and the available heat ﬂuxes, the increase in the vapor quality along the
tube is typically between 10 and 40%.
Intermediate mass ﬂuxes correspond to a less signiﬁcant evolution of the ﬂow pattern
along the tube (generally with two diﬀerent ﬂow patterns observed between the inlet
and outlet) and smaller increase in the vapor quality along the test section. Some
experiments were performed at these mass ﬂuxes with saturated inlet conditions, but
only with low inlet vapor qualities, and low and moderate wall heat ﬂuxes.
3.1.4 Flow pattern maps
Figures 3.8(a) and 3.8(b) present ﬂow pattern maps for normal gravity and microgravity
conditions; the liquid superﬁcial velocity jl is plotted according to the vapor superﬁcial
velocity jv and isocurves of mass ﬂux and vapor quality are added. The data selected
for the ﬂow pattern maps correspond to series with ﬁve diﬀerent mass ﬂuxes G = 50,
75, 100, 200 and 400 kg.s−1.m−2. Since the pressure variations induce small changes in
the ﬂow rate, especially during parabolic ﬂights, the actual values of experimental mass
ﬂuxes range as follow: 47 < G < 53, 70 < G < 80, 90 < G < 110, 190 < G < 210, and
385 < G < 415 kg.s−1.m−2.
jl =
G · (1− x)
ρl
jv =
G · x
ρv
(3.1)
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(a) G = 50 kg.s−1.m−2
(b) G = 200 kg.s−1.m−2
Figure 3.7: Evolution of ﬂow pattern along the heated test section according to the
vapor quality, for G = 50 and 200 kg.s−1.m−2, ΔTsub = 11-12◦C and q = 2 W.cm−2
(lab tests, May 2014)
Three main categories of ﬂow patterns are identiﬁed in the ﬂow pattern maps:
− bubbly ﬂows include dispersed bubbly ﬂows and regimes with dense distributions of
bubbles or very small vapor plugs just before the transition from bubbly ﬂow to slug
ﬂow. Experiments corresponding to vapor quality smaller than 0.01 have not been in-
cluded in the maps since the error on the calculation of x at this order of magnitude
leads to a signiﬁcant uncertainty in the superﬁcial velocities;
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− since the distinction between slug and transition ﬂows is sometimes diﬃcult to make,
and since slug ﬂow only occurs for very restricted ranges of ﬂow parameters, transition
and slug ﬂows have been regrouped in the maps. These points therefore include bubbly-
slug, slug and frothy slug-annular ﬂows, and undertemined transition ﬂows;
− the third category corresponds to annular ﬂows that regroup wavy annular ﬂows and
smooth annular ﬂows.
(a) Normal gravity conditions
(b) Microgravity conditions
Figure 3.8: Flow pattern maps under normal and microgravity conditions
(lab tests, 2014 and parabolic ﬂight campaigns, 2012, 2013, and 2014)
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Map in 1-g: Figure 3.8(a) presents parametric tests from a lab measurement campaign
that took place in May 2014 and during which the whole sapphire tube was imaged.
Experimental points in 1-g from parabolic ﬂight campaigns cannot be processed for
ﬂow patterns investigation since the sapphire tube is not ﬁlmed during steady ﬂight
inbetween parabolas. This time interval is required for saving data acquired during the
microgravity phase from the camera memory.
On-ground, ﬂow parameters including working pressure are more easily controllable and
steady mass ﬂuxes at approximately 1.2 bar are achieved: the experimental points are
concentrated on the isocurves of mass ﬂux. Since the number of tests is not limited,
numerous combinations of ﬂow parameters are set in order to cover the whole range of
vapor quality x. The vapor quality is calculated with an energy balance at a generic
distance z from the inlet of the heated section and the corresponding ﬂow pattern at the
same location is indicated. With a visualisation of the entire tube in 1-g, it is possible
to report ﬁve to six diﬀerent locations (i.e. diﬀerent vapor qualities) along the tube for a
single run. As a result, almost 700 diﬀerent experimental points are presented for more
than 120 runs in the ﬂow pattern under normal gravity conditions.
The distribution of the ﬂow patterns according to the vapor quality clearly appears
in the ﬂow pattern map: bubbly ﬂows always correspond to subcooled regimes at low
vapor qualities with low vapor superﬁcial velocities. From bubbly ﬂows, an increase
in x leads to transition and slug ﬂows that occur on a small range of vapor quality; in
particular, slug ﬂow only occurs for very speciﬁc conditions around x  0.08 and can not
be observed even in parametric runs without the appropriate settings. Finally, annular
ﬂow always correspond to saturated regimes at high vapor superﬁcial velocities with
moderate and high vapor qualities.
The transitions between the three main categories of ﬂow patterns seem to occur at
constant vapor quality, whatever the mass ﬂux is. They are indicated with orange
isocurves on the map. The ﬂow tends to transition from bubbly to slug ﬂow around
x  0.05 while vapor qualities x  0.13 always correspond to annular ﬂow. Transition
criteria between diﬀerent ﬂow patterns are further discussed in terms of vapor quality
and void fraction in the next sections.
Map in μ-g: experimental points presented in the ﬂow pattern map under microgravity
conditions were obtained during three parabolic ﬂight campaigns in April 2012 (PFC
95), October 2013 (PFC 106) and April 2014 (PFC 110). Mass ﬂuxes of 400 kg.s−1.m−2
have only been investigated during PFC 95 while the series at 75 kg.s−1.m−2 have mostly
been provided by PFC 110, which explains the lack of points for this value of G.
During parabolas, the pressure is hardly controllable, which induces changes in the mass
ﬂux, especially for PFC 95 when no PID regulation of the pump was installed. For that
reason, experimental data are more dispersed in the μ-g map and do not follow the
isocurves of mass ﬂux. Only the points near these isocurves were kept to plot the ﬂow
pattern map. The limitation in the number of parabolas does not allow to cover the
entire range of vapor quality, and some parabolas are not usable because of encountered
technical diﬃculties. Moreover, the ﬁeld of view of the camera is smaller and only one
or two diﬀerent locations (i.e. vapor qualities) along the tube can be reported with their
corresponding ﬂow patterns for each test. As a result, about 250 experimental points
corresponding to 190 - 200 runs are presented in the ﬂow patterns map, for a total of
285 parabolas ﬂown in three campaigns.
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The ﬂow pattern map under microgravity conditions looks very much alike the 1-g map:
the same ﬂow pattern are observed for the same superﬁcial velocities. The transitions
seem to occur at the same vapor quality as in normal gravity (the same isocurves of x
are plotted on the two graphs). No signiﬁcant diﬀerence can be seen in the ﬂow pattern
maps. As for the 1-g case, transition criteria are discussed in the next section.
However, due to diﬃculties in the characterisation of transition ﬂow, it is not possible
to clearly establish that the gravity level does not inﬂuence coalescence phenomenon
near the transitions between distinct ﬂow patterns, and dense bubbly ﬂows / transition
ﬂows may exhibit small diﬀerences in the ﬂow structure according to the gravity level,
which would be diﬃcult to be subjectively described and that may not appear near the
transition lines plotted on the ﬂow pattern maps.
Map indicating Reynolds numbers: limit values of liquid and vapor Reynolds num-
ber are indicated in Table 1.2 for ranges of ﬂow parameters set for BRASIL experiments
(with 50 kg.s−1.m−2 < G < 400 kg.s−1.m−2 and 0.01 < x < 0.8). Figure 3.9 presents
the detail of the calculations for the liquid and vapor Reynolds numbers corresponding
to 1-g data, with indications of ﬂow patterns. Dotted lines represent critical values of
Reynolds numbers for the transition from laminar to turbulent regimes. Notations de-
ﬁned by Lockhart and Martinelli [1949] are used to distinguish four diﬀerent regions (as
described in Table 1.3).
Figure 3.9: Flow pattern map for 1-g data according to liquid and vapor Reynolds
numbers
As can be seen from the graphic, experimental data mainly cover three of the four
regions. At high mass ﬂuxes (G = 400 and 200 kg.s−1.m−2), almost all points correspond
to turbulent liquid and vapor phases (case tt). At low mass ﬂuxes (G = 75 and 50
kg.s−1.m−2), bubbly ﬂow regimes are laminar ﬂows (case ll), while at moderate G, they
are near the transition from laminar to turbulent on each phase. Finally, ﬂows at low and
moderate G, and moderate and high x (corresponding to slug, transition and annular
ﬂows) exhibit a laminar behaviour for the liquid (and especially for the liquid ﬁlm in
annular ﬂow) and a turbulent behaviour for the vapor (case lt).
Chapter 3. Experimental results 99
3.1.5 Comparison with other microgravity datasets
The ﬂow pattern data that are reported for the three mentioned microgravity datasets
are presented in the ﬂow pattern map of Figure 3.10. The two orange lines materialise
transitions between bubbly and transition ﬂows (x  0.05) and between transition and
annular ﬂows (x  0.13) that have been highlighted in the case of BRASIL experiment.
Figure 3.10: Flow pattern map in μ-g for diﬀerent experiments - blue: bubbly ﬂow,
green: transition and slug ﬂows, red: annular ﬂow
Some considerations have to be taken into account before drawing a comparison between
various ﬂow visualisations:
− the identiﬁcation of ﬂow patterns is very subjective and various classiﬁcations were
used by the diﬀerent authors. In particular, the transition from bubbly to slug or inter-
mittent ﬂows is not very precisely determined. Celata and Zummo [2007] distinguished
bubbly ﬂows, bubbly-plug, plug and intermittent ﬂows. The latter three were grouped
together in the category ”transition and slug ﬂows”;
− even though ﬂow visualisations were provided for all set-ups, the diﬀerent test sections
do not always enable to obtain pictures suitable for precise identiﬁcation of all features
of the ﬂow structure, especially in the case of the UMD experiment;
− ranges of superﬁcial velocities are similar despite the diﬀerences in the working ﬂuid
and ﬂow parameters settings. However, calculations of the vapor quality x may induce
important variations in these velocity values. Indeed, some authors only used a thermo-
dynamical vapor quality or do not characterise x as the vapor mass ﬂow rate over the
total mass ﬂow rate in subcooled regimes, which can lead to signiﬁcant diﬀerences in
the indication of transitions between ﬂow patterns.
All authors agree on the fact that the inﬂuence of gravity level can be neglected at
very high mass ﬂux, and the studies focus on G between 50 and 400 kg.s−1.m−2. Ohta
illustrates the weak impact of gravity level on the ﬂow structure by comparing bubbly
ﬂows (with moderate subcooling at the inlet of the heated test section) in 1-g and μ-g
at G = 600 kg.s−1.m−2, as shown in Figure 3.11.
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Figure 3.11: Bubbly ﬂow in 1-g and μ-g at very high mass ﬂux - G = 600 kg.s−1.m−2,
ΔTsub = 6.7
◦C, q = 4 W.cm−2 [Ohta, 2003]
As can be seen from the ﬂow pattern map, bubbly ﬂow occurs at low x. The transition
to slug and transition ﬂows is rather blurry (mostly due to error on the calculation of the
vapor quality) but it occurs between x  0.03 and x  0.05 depending on the dataset.
At low and moderate mass ﬂuxes, ﬂow visualisations all highlight the same trend in the
evolution of the ﬂow structure with the gravity level: microgravity phases correspond
to larger and more spherical bubbles compared to normal gravity conditions, which is
illustrated in Figure 3.12. Celata and Zummo reported numerous points in bubbly ﬂow
while Ohta did not draw any ﬂow pattern map and provided only one example of runs
in bubbly ﬂow. Even with low heat ﬂuxes, very few points corresponding to this regime
were obtained during the measurement campaign with UMD.
Figure 3.12: Bubbly ﬂow visualisations in 1-g and μ-g at low mass ﬂuxes
from left to right:
[Baltis et al., 2012] G = 50 kg.s−1.m−2 in 1-g and μ-g
[Ohta and Baba, 2013] G = 150 kg.s−1.m−2, ΔTsub = 13◦C, q = 2 W.cm−2
UMD experiment: G = 50 kg.s−1.m−2, ΔTsub = 8◦C, q = 6 W.cm−2 in μ-g
As previously discussed, the category ”transition and slug ﬂows” regroups various regimes;
most of them correspond to subcooled conditions. Celata and Zummo distinguished in-
termittent ﬂows that are part of the category ”transition ﬂow” and plug ﬂows that are
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slug ﬂows. Ohta did not report any data for these regimes. The ﬂow pattern map shows
that transition and slug ﬂows from ENEA and UMD data are observed on the same
range of x that the one highlighted in BRASIL experiments, with larger transitions
from bubbly ﬂows. The inﬂuence of the gravity level is hardly visible on these runs since
it is very diﬃcult to characterise corresponding ﬂow structures and evolution.
No annular ﬂow data were obtained by Celata and Zummo. Ohta only provided two
illustrations of annular runs (with and without nucleation in the liquid ﬁlm) while UMD
set-up allowed to acquire several parabolas in saturated regimes. The transition from
slug ﬂow seems to occur approximately at the same vapor quality than the one observed
in this thesis, even though UMD ﬂow visualisations do not allow to identify it very
precisely. An illustration of Ohta’s and UMD annular ﬂow observations is presented in
Figure 3.13. As for BRASIL ﬂow visualisations, the diﬀerence between the two gravity
levels cannot be seen with the naked eye.
Figure 3.13: Annular ﬂow visualisations in 1-g and μ-g at low mass ﬂuxes
from left to right:
[Ohta and Baba, 2013] G = 150 kg.s−1.m−2, xin = 0.28, q = 1 W.cm−2 in 1-g and μ-g
UMD experiment: G = 50 kg.s−1.m−2, xin = 0.28, q = 0.9 W.cm−2 in μ-g
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3.2 Void fraction and ﬁlm thickness
Void fraction measurements are performed at the inlet and outlet of the sapphire tube
with capacitance sensors. While the inlet probe is only used in saturated conditions, the
outlet sensor is very useful to provide data that can be correlated to the pressure drops
that are obtained on the adiabatic part just after the heated section. The following sec-
tion presents all processed runs both under normal gravity and microgravity conditions
with error bars to characterise the uncertainty in the void fraction measurements. For
the speciﬁc case of annular ﬂow, liquid ﬁlm thickness data are also reported.
3.2.1 Void fraction
The data that are presented thereafter were provided by experiments using three diﬀerent
designs of capacitance probe. Only the void fraction values acquired during PFC 2013
are not included in the graphics: despite the fact that they exhibit the exact same
trend versus vapor quality than the other measurements between 1-g and μ-g, they are
quantitatively not exactly consistent with these data; indeed, capacitance signals were
acquired on the NI deck with the LabVIEW interface, which resulted in more important
noises on the measurements compared to stand-alone acquisition programs.
As for the ﬂow patterns, the most relevant parameter used to characterise the evolution
of α is the vapor quality x. The other ﬂow parameters or set values such as the mass
ﬂux G, the inlet conditions ΔTsub / xin or the wall heat ﬂux q mainly aﬀect the void
fraction through their inﬂuence on the quality at the outlet of the sapphire tube.
Figure 3.14 presents the void fraction according to the vapor quality at the outlet of
the heated test section for various mass ﬂuxes G, both in 1-g and μ-g. Error bars
are plotted on another ﬁgure for clarity purposes. High mass ﬂuxes (Figure 3.14(a))
are separated from moderate and low mass ﬂuxes(Figure 3.14(b)). Initial design and
experiments focused on turbulent ﬂow but they were extended to lower mass ﬂuxes that
were expected to correspond to diﬀerent behaviours, strongly aﬀected by the gravity
level. Very high vapor qualities (x > 0.7) have not been investigated due to practical
diﬃculties.
The general look of the void fraction curves is the same whatever the mass ﬂux or the
gravity level is: as can be seen, the void fraction depicts a growing trend with vapor
quality, with a saturation at high qualities. Indeed, an increase of the vapor quality
means that more mass is transported by the vapor phase, which requires a higher void
fraction to accomodate the increased vapor mass ﬂow in the tube. The rate of growth is
very fast at low vapor qualities (typically up to x  0.15) and very slow at high vapor
qualities (for x  0.30). Nevertheless, diﬀerences can be observed when the mass ﬂux
or the gravity level is varied.
The high mass ﬂuxes that are presented in Figure 3.14(a) correspond to G = 400 and
200 kg.s−1.m−2. Only a few points are available in μ-g for G = 400 kg.s−1.m−2 because
this mass ﬂux was only investigated during the ﬁrst parabolic ﬂight campaign. As
can be seen, it is diﬃcult to draw a comparison between diﬀerent experiments at low
vapor qualities. The rate of growth is rather similar for the two mass ﬂuxes. However,
diﬀerences can be noticed on the saturating part of the curve, for high vapor qualities:
− when G varies: both under 1-g and μ-g conditions, saturation levels are higher for G
= 200 kg.s−1.m−2 than for G = 400 kg.s−1.m−2, due to velocities diﬀerences;
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(a) G = 400 and 200 kg.s−1.m−2
(b) G = 100, 75 and 50 kg.s−1.m−2
Figure 3.14: Void fraction according to vapor quality at the outlet of the heated test
section, for various mass ﬂuxes, in 1-g (closed symbols, lab tests 2012 and 2014,
PFC 2014) and μ-g (open symbols, PFC 2012 and 2014)
− when the gravity level varies: the void fraction is signiﬁcantly higher in microgravity
than in normal gravity for the two mass ﬂuxes. For G = 200 kg.s−1.m−2 and x > 0.30,
α is about 6% higher in μ-g than in 1-g. Borderline experimental points have conﬁrmed
the same trend for G = 400 kg.s−1.m−2 between the two gravity levels.
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The moderate and low mass ﬂuxes in Figure 3.14(b) correspond to G = 100 kg.s−1.m−2,
G = 75 and 50 kg.s−1.m−2. The two lowest were not investigated during the ﬁrst
parabolic ﬂight campaign since the initial experimental facility was designed for higher
ranges of G. Since x strongly evolves along the tube at these mass ﬂuxes, most of the
void fraction data at the outlet of the sapphire tube exhibit high vapor qualities. As
for the high G, it is diﬃcult to compare the few experiments at low vapor qualities.
On this range of x, the void fraction rate of growth is similar for the three mass ﬂuxes,
and seems to be a bit lower than for G = 400 and 200 kg.s−1.m−2. Nevertheless, the
observations made for moderate and high vapor qualities are diﬀerent from high mass
ﬂuxes:
− when G varies: both under normal gravity and microgravity conditions, it can be
seen that the saturation level slightly decreases as the mass ﬂux decreases, even if the
diﬀerences are small (they correspond to small steps of G). For a given vapor quality,
the void fraction is slightly higher at G = 100 kg.s−1.m−2 than at G = 75 kg.s−1.m−2.
Same observation is made for G = 50 kg.s−1.m−2;
− when the gravity level varies: the void fraction is higher in microgravity than in
normal gravity, as for higher mass ﬂuxes. However, ﬂows at lower G seem to be less
impacted by the gravity level than ﬂow at intermediate G = 100 kg.s−1.m−2. While the
diﬀerence on the void fraction between 1-g and μ-g is about 7% for this mass ﬂux for
x > 0.30, it amounts to only 3% for G = 75 and 50 kg.s−1.m−2.
Figure 3.15: Void fraction according to vapor quality with experimental error bars,
for G = 200 kg.s−1.m−2, in 1-g (closed symbols, lab tests 2012 and 2014,
PFC 2014) and μ-g (open symbols, PFC 2012 and 2014)
3.2.2 Uncertainty in void fraction
As previously mentioned, data from Figure 3.14 were obtained with diﬀerent probes
during diﬀerent measurement campaigns. These changes in the sensors and the fact
that the working pressure cannot be strictly controled in μ-g induce small variations
in the void fraction measurements for a given vapor quality. It is therefore necessary
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to estimate the error made on the experimental values to conﬁrm that the diﬀerence
observed between the two gravity levels is really signiﬁcant.
Figure 3.15 illustrates previous data at G = 200 kg.s−1.m−2 with typical uncertainties
in the vapor quality and the void fraction, under normal gravity and microgravity con-
ditions. At low vapor qualities, the error on the void fraction measurements is rather
small (around 2%) while there is a lack of precision on the calculation of x. The op-
posite trend is observed for moderate and high vapor qualities: the uncertainty in x in
saturated (or near saturated) conditions is very small while the uncertainty in the void
fraction ranges from 4% to 7% (due to lower measured capacitance levels and lack of
experimental calibration points on this area).
Even though experimental error bars in 1-g and μ-g overlap a bit, the uncertainty in the
void fraction is not important enough to explain the diﬀerence in the measurements for
the two gravity levels at G = 200 kg.s−1.m−2 and G = 400 kg.s−1.m−2. However, this
trend is less obvious for low mass ﬂuxes (G = 75 and 50 kg.s−1.m−2). Nonetheless, the
fact that data from diﬀerent campaigns are quantitatively consistent tends to promote
a higher void fraction in microgravity even at these mass ﬂuxes.
3.2.3 Flow pattern transitions
Since the void fraction is a strong function of the vapor quality at ﬁxed densities ratio
ρv/ρl, the transition criteria between ﬂow patterns that are presented in the ﬂow pattern
maps (Figure 3.8) can be expressed in terms of void fraction.
Figure 3.16: Void fraction according to vapor quality and
ﬂow patterns in 1-g (lab tests 2014)
Figure 3.16 shows void fraction data obtained during an on-ground measurement cam-
paign for various mass ﬂuxes according to the ﬂow regime that are observed at the outlet
of the heated sapphire tube. Transitions at constant vapor qualities are indicated in the
same way as in the ﬂow pattern maps. Bubbly ﬂows occur at low void fraction (α <
0.45, which is more visible on the maps); undetermined transition ﬂows are observed
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for void fractions ranging from 0.5 to 0.7 where the ﬂow transitions to actual slug ﬂow.
Finally, saturated regimes with annular ﬂow correspond to void fraction α  0.8.
3.2.4 Comparison with microgravity datasets
One of the key elements in the collaboration between IMFT and UMD was the design
and integration of capacitance probes for void fraction measurements in the UMD rack.
The sensors were build at IMFT on the model of the one designed for this thesis, with
a good sensitivity and acquisition of data on LabVIEW.
Figure 3.17: Void fraction measured by UMD et IMFT experimental set-ups at
G = 200 kg.s−1.m−2 in 1-g (closed symbols) and μ-g (open symbols, PFC 2013)
Figure 3.17 presents the few points that were acquired with UMD experiments during
the parabolic ﬂight campaign at G = 200 kg.s−1.m−2 both under normal gravity (1-
g phase during parabolic ﬂight) and microgravity conditions, along with IMFT data.
Considering the diﬀerences in the calibration and in experimental conditions (such as
pressure diﬀerences or diﬀerent working ﬂuids), the data are in rather good agreement.
1-g data seem to be slightly higher in the case of UMD experiments compared to IMFT
runs while μ-g data are consistent for the two datasets. As a consequence, the inﬂuence
of gravity level is a bit less important on UMD data. Nevertheless, it is necessaray to
obtain more experimental points to highlight actual trends.
Microgravity data at G = 50 and 100 kg.s−1.m−2 are presented in Figure 3.18. The
few points available in the UMD dataset are also consistent with the ones provided by
BRASIL experiments, which gives similar results on the ﬁlm thickness calculations (that
are not shown here due to a lack of experimental points).
saut de ligne saut de ligne saut de ligne
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Figure 3.18: Void fraction measured by UMD et IMFT experimental set-ups at
G = 100 and 50 kg.s−1.m−2 in μ-g (PFC 2013)
3.2.5 Liquid ﬁlm thickness in annular ﬂow
In the case of annular ﬂow with a vapor core and liquid ﬂowing at the wall, it is interesting
to translate void fraction data into liquid ﬁlm thickness values since the heat transfer
in convective boiling regimes occurs through the liquid ﬁlm. The capacitance probes
used in the experiment allow to measure an averaged void fraction, which means that
the measured liquid fraction 1−α include the liquid ﬂowing in the ﬁlm at the wall plus
liquid droplets in the vapor core in the case of annular ﬂow with entrainment.
Figure 3.19 shows liquid ﬁlm thicknesses for the runs where annular ﬂow is observed at
the outlet of the heated test section, for various mass ﬂuxes. Calculations are made by
considering that the entrainment is negligible, i.e. that all the liquid is ﬂowing at the
wall. Further analysis in Chapter 4 will show that droplet entrainement can be neglected
for most of ﬂow parameter combinations. Geometrical considerations allow to write a
very simple expression of the ﬁlm thickness δ:
δ =
D
2
· (1−√α) (3.2)
Since the ﬁlm thickness only depends on the void fraction when considering annular
ﬂow without entrainment, the observations on experimental values are the same as in
the previous section for void fraction:
− at high mass ﬂuxes, ﬁlm thicknesses are more important for G = 400 kg.s−1.m−2
than for G = 200 kg.s−1.m−2. However, for ﬂow rates corresponding to transition and
laminar ﬂows, a decrease in the mass ﬂux induces a increase in the liquid ﬁlm thickness;
− for moderate values of the vapor quality (0.13 < x < 0.25), the diﬀerence in the ﬁlm
thickness between 1-g and μ-g is hardly quantiﬁable. However, for high vapor qualities
and whatever the mass ﬂux is, the higher level of void fraction in microgravity lead to
smaller liquid ﬁlm thicknesses in μ-g compared to normal gravity, and low mass ﬂuxes
seem to be less impacted by the changes in the gravity level.
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(a) Turbulent ﬂow: G = 200 kg.s−1.m−2 and G = 400 kg.s−1.m−2
(b) Transition ﬂow: G = 100 kg.s−1.m−2 - laminar ﬂow: G = 50 kg.s−1.m−2 and
G = 75 kg.s−1.m−2
Figure 3.19: Liquid ﬁlm thickness according to vapor quality at the outlet of the
heated test section, for various mass ﬂuxes, in 1-g (closed symbols, lab tests 2012
and 2014, PFC 2014) and μ-g (open symbols, PFC 2012 and 2014)
Plotting δ in annular ﬂow enables to better highlight the diﬀerence between normal
gravity and microgravity situations for saturated conditions. However, these data cor-
respond to important uncertainties that can be calculated with Equation (2.11). Figure
3.20 presents the ﬁlm thickness measurements at G = 200 kg.s−1.m−2 with error bars
on δ and x. In annular ﬂow, the error on the vapor quality is small (the maximal error
on x is of 3% for vapor qualities higher than 0.25), but on this range the error on the
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Figure 3.20: Liquid ﬁlm thickness according to vapor quality with experimental error
bars, for G = 200 kg.s−1.m−2, in 1-g (closed symbols, lab tests 2012 and 2014,
PFC 2014) and μ-g (open symbols, PFC 2012 and 2014)
void fraction, and therefore on the ﬁlm thickness that is a function of −√α, is very
important: the uncertainty ranges from ± 10% for experiments near the transition from
slug ﬂow to ± 90% at very high qualities. For example, for a ﬁlm thickness δ = 60 μm,
the accuracy on the measurements is ± 55 μm.
The lack of precision on δ can induce small variations in the values that are presented in
the previous graphics, but it cannot explain the smaller ﬁlm thicknesses in μ-g by itself:
even if it is diﬃcult to precisely quantify the diﬀerence of δ between the two gravity
levels, experimental data show that this diﬀerence is signiﬁcant.
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3.3 Pressure drops and shear stresses
Diﬀerential pressure drop measurements are performed along an adiabatic section just
at the outlet of the sapphire tube. Temperature, vapor quality and void fraction are
considered to be constant along this tube and equal to their values at the outlet of the
heated part (corresponding to the location of the outlet void fraction probe). For the
parabolic ﬂight campaign that provided noisy measurements of capacitance, the actual
void fraction was estimated using the experimental curves from previous section, which
allowed to process all pressure drop measurements and add experimental points.
The following section presents the results on total pressure drop both under normal
gravity and microgravity conditions. Special attention is paid to the investigation of
wall shear stress in subcooled and saturated conditions, with error bars to characterise
the uncertainty in the wall friction. For the speciﬁc case of annular ﬂow, interfacial
shear stress data are also discussed. Existing microgravity datasets do not include
interfacial shear stress measurements in ﬂow boiling; thus, it was not possible to draw
any comparison.
3.3.1 Total pressure drop
For an upward ﬂow in an adiabatic section, the total pressure drop along the tube can
be written as the sum of a frictional term and a gravitational term (Equation (2.17)).
The gravitational term can be neglected in microgravity but it is dominant in normal
gravity, which induces important quantitative diﬀerences in the pressure drops between
the two gravity levels. Figures 3.21 and 3.22 present the decomposition of the total
pressure drop along the adiabatic section at low and high mass ﬂuxes.
Figure 3.21: Total pressure drop decomposition, for G = 50 kg.s−1.m−2,
in 1-g (closed symbols, lab tests 2014, PFC 2013 and 2014)
and μ-g (open symbols, PFC 2013 and 2014)
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Figure 3.21 shows the total pressure drop (Δptot) along the adiabatic section according to
the vapor quality forG= 50 kg.s−1.m−2, in 1-g and μ-g, with the respective contributions
of the friction component and the hydrostatic component. In microgravity, the total
pressure drop that is plotted directly corresponds to the frictional pressure drop. The
general trend of the curve corresponds to Δptot increasing with x until it reaches a
saturation level at high vapor quality.
In normal gravity, at low and moderate vapor qualities (x < 0.3), the total pressure
gradient is mostly due to the gravitational pressure loss that represents about 95% of
Δptot against 5% for the frictional pressure drop, both increasing with x. However,
at high vapor quality (x > 0.3), the pressure drops due to frictional and hydrostatic
components both reach steady values. On this range of x that corresponds to annular
ﬂows, the contribution of the frictional pressure drop is still signiﬁcantly lower than the
one of the gravitational term, but it amounts to  13% of Δptot (against 87% for the
hydrostatic pressure loss).
In microgravity, the frictional pressure drop (and therefore the total pressure drop)
evolves in the same way than in normal gravity. Nevertheless, a signiﬁcant diﬀerence
can be observed between the two gravity levels, with smaller frictional pressure drops
in μ-g compared with 1-g. Further details on the frictional pressure drops are provided
thereafter.
Figure 3.22: Total pressure drop decomposition, for G = 200 kg.s−1.m−2,
in 1-g (closed symbols, lab tests 2012 and 2014, PFC 2013 and 2014)
and μ-g (open symbols, PFC 2012, 2013 and 2014)
Figure 3.22 shows the total pressure drop (Δptot) along the adiabatic section accord-
ing to the vapor quality for G = 200 kg.s−1.m−2, in 1-g and μ-g, with the respective
contributions of the friction component and the hydrostatic component.
In normal gravity, the total pressure drop increases with the vapor quality until it reaches
a maximum around x  0.2. Then, it slighly decreases and seems to tend towards a
steady value at very high vapor quality. At low vapor qualities (x < 0.05), the ﬂow
is mostly driven by the gravitational term that represents 95% of Δptot. At moderate
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vapor qualities (0.05 < x < 0.2), the rate of growth of the hydrostatic pressure drop
decreases and the contribution of the frictional pressure drop increases to 46-48% of
Δptot. Finally, for high vapor qualities (x > 0.2), the contribution of the hydrostatic
component decreases until it becomes negligible compared to the frictional term, at very
high vapor quality: for x > 0.5, the inﬂuence of the gravity is very small and the ﬂow is
mostly driven by the wall shear stress, which is further investigated thereafter.
In microgravity, the frictional pressure drop (and therefore the total pressure drop)
increases with the vapor quality. However, since dry-out issues and vapor qualities
higher than 0.7 are not studied in this thesis, no hypothesis on potential asymptotic
behaviours has been validated. At this mass ﬂux (G = 200 kg.s−1.m−2), the frictional
pressure drops are almost the same under normal and microgravity conditions.
3.3.2 Wall shear stress
Characterising the wall shear stress through the frictional pressure drops is necessary to
correctly describe boiling mechanisms. Figure 3.23 presents wall shear stress data under
normal gravity and microgravity conditions from all lab and parabolic ﬂight campaigns,
according to vapor quality and classiﬁed by mass ﬂux (shear stress scales are diﬀerent
for turbulent ﬂows and laminar ﬂows).
General trend: the general look of the wall shear stress curves is the same for all
mass ﬂuxes and gravity levels: as can be seen in the two ﬁgures, the wall shear stress
depicts a growing trend with vapor quality, with a decrease in the rate of growth at high
x, which seems to lead to a saturation at very high qualities. Nevertheless, signiﬁcant
quantitative diﬀerences can be observed when the mass ﬂux or the gravity level is varied.
Inﬂuence of mass ﬂux: whatever the gravity level is, an increase in the mass ﬂux
corresponds to a signiﬁcant increase of the wall shear stress. Indeed, increasing the
mass velocity results in a high ﬂow inertia, which increases frictional pressure drops.
For example, the wall shear stress at G = 200 kg.s−1.m−2 represents 40% to 50% of the
wall shear stress at G = 400 kg.s−1.m−2. The same diﬀerence is observed between G =
50 kg.s−1.m−2 and G = 100 kg.s−1.m−2.
Inﬂuence of gravity level: turbulent ﬂows are presented in Figure 3.23(a) for G =
200 and 400 kg.s−1.m−2. Very few points are available in microgravity for the highest
investigated mass ﬂux, and none of them was acquired at high vapor quality. 1-g data
are nonetheless provided for comparison with lower mass ﬂux. It is diﬃcult to draw a
comparison between diﬀerent experiments at low vapor qualities, mostly because of the
uncertainty in x. At higher qualities (x > 0.20), this is the uncertainty in the wall shear
stress itself (Table 2.7) that prevents from conﬁrming the inﬂuence of the gravity level:
the wall shear stress seems to be slightly lower in μ-g than in 1-g, but this diﬀerence is
not signiﬁcant.
By contrast, the inﬂuence of the gravity level at low mass ﬂuxes is clear (Figure 3.23(b)):
the wall shear stress is signiﬁcantly lower under microgravity conditions for G = 50, 75
and 100 kg.s−1.m−2. Another observation can be made for these mass ﬂuxes: there
seems to be a change in the rate of growth of the wall shear stress for the three mass
ﬂuxes and the two levels of gravity around x  0.3. For vapor qualities higher than
30%, the frictional pressure drops tend to increase slower than for low and moderate
x, or even reach an almost steady value (for G = 50 kg.s−1.m−2); this change may be
explained by a change in the ﬂow pattern with a transition from wavy annular ﬂow to
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(a) Turbulent ﬂow: G = 200 kg.s−1.m−2 and G = 400 kg.s−1.m−2
(b) Transition ﬂow: G = 100 kg.s−1.m−2 - laminar ﬂow: G = 50 kg.s−1.m−2 and
G = 75 kg.s−1.m−2
Figure 3.23: Wall shear stress according to vapor quality on an adiabatic section, for
various mass ﬂuxes, in 1-g (closed symbols, lab tests 2012 and 2014,
PFC 2013 and 2014) and μ-g (open symbols, PFC 2012, 2013 and 2014)
smooth annular ﬂow, which can hardly be conﬁrmed with ﬂow visualisations given the
restricted ﬁeld of view of the camera and the strong evolution of ﬂow pattern along the
tube. Table 3.1 shows the averaged diﬀerence in the wall shear stress between normal
gravity and microgravity according to the vapor quality.
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Low and moderate qualities High qualities
x < 0.3 x > 0.3
G = 100 kg.s−1.m−2 - 38% - 30%
G = 75 kg.s−1.m−2 - 50% - 45%
G = 50 kg.s−1.m−2 - 66% - 63%
Table 3.1: Averaged diﬀerence in the wall shear stress in μ-g compared to 1-g
for moderate and low mass ﬂuxes
According to Table 3.1 and Figure 3.23(b), ﬂows at lower mass ﬂuxes are more inﬂuenced
by the gravity level: the wall shear stress in microgravity represents 34% to 37% of the
wall shear stress in normal gravity at G = 50 kg.s−1.m−2 (i.e. a diﬀerence higher than
60%) while the diﬀerence between the two gravity levels only ranges from 30% to 38%
for G = 100 kg.s−1.m−2.
Experimental uncertainty in the wall shear stress: the data presented in Figure
3.23 were acquired during various measurement campaigns with slightly diﬀerent mea-
suring systems. Thus, a summary of the wall shear stress data at G = 100 kg.s−1.m−2 is
provided in Figure 3.24 with error bars that take into account the diﬀerent precisions on
the void fraction and pressure drop measurements. Typical uncertainties in the vapor
quality have not been plotted here since they were given in previous sections.
Figure 3.24: Wall shear stress according to vapor quality with experimental error
bars, for G = 100 kg.s−1.m−2, in 1-g (closed symbols, lab tests 2012 and 2014,
PFC 2013 and 2014) and μ-g (open symbols, PFC 2012, 2013 and 2014)
In microgravity, the void fraction is not needed to calculate τw, only the diﬀerential
pressure data are used. Therefore, there is a lack of precision on the wall shear stress at
low and moderate qualities (δτw  ± 20-30% because of small pressure drop measure-
ments) while the uncertainty is rather small at high vapor qualities for higher measured
pressure drops ( 5%). In normal gravity, the void fraction is necessary to substract the
gravitational term from the total pressure gradient, which leads to higher experimental
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errors; at low and moderate x, the precision on α is rather good, but small pressure
drops make the error on the wall shear stress amounts to approximately 7-8%, whereas
the lack of precision on the void fraction at high x leads to an uncertainty of ± 10-15%
in higher values of τw.
According to these error bars, the diﬀerence of wall shear stress between 1-g and μ-g is
signiﬁcant for moderate and low mass ﬂuxes while they do not allow to conclude on the
inﬂuence of the gravity level for high mass ﬂuxes.
Wall shear stress and ﬂow patterns: Figure 3.25 presents wall shear stress data in
1-g and μ-g for G = 200 and 50 kg.s−1.m−2 with corresponding ﬂow patterns. As can
be seen, the limit value x  0.3 that indicates a change in the rate of growth of the wall
shear stress at low mass ﬂuxes corresponds to annular ﬂows. However, the transition
between slug and annular ﬂows occurs at lower quality (x  0.13). Since the current
classiﬁcation regroups wavy and smooth annular ﬂows, a transition between these two
regimes at x  0.13 is possible and might explain the variations in the wall friction.
Figure 3.25: Wall shear stress according to vapor quality and ﬂow patterns,
for G = 50 and 200 kg.s−1.m−2, in 1-g (closed symbols, lab tests 2012 and 2014,
PFC 2013 and 2014) and μ-g (open symbols, PFC 2012, 2013 and 2014)
3.3.3 Interfacial shear stress
At high quality, where annular ﬂow is observed, the liquid ﬁlm thickness and its structure
are controlled by wall and interfacial shear stresses. It is therefore very important
to determine τi. It can be deduced from the momentum balance on the vapor phase
(Equation (1.26), that can be written by neglecting droplet entrainement in a ﬁrst
approximation. The impact of liquid entrainement will be discussed in the next chapter.
Figure 3.26 presents interfacial shear stress data under normal gravity and microgravity
conditions from all lab and parabolic ﬂight campaigns, according to vapor quality in
saturated annular ﬂow regimes and classiﬁed by mass ﬂux.
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(a) Turbulent ﬂow: G = 200 kg.s−1.m−2 and G = 400 kg.s−1.m−2
(b) Transition ﬂow: G = 100 kg.s−1.m−2 - laminar ﬂow: G = 50 kg.s−1.m−2 and
G = 75 kg.s−1.m−2
Figure 3.26: Interfacial shear stress according to vapor quality on an adiabatic section,
for various mass ﬂuxes, in 1-g (closed symbols, lab tests 2012 and 2014,
PFC 2013 and 2014) and μ-g (open symbols, PFC 2012, 2013 and 2014)
In microgravity, combining momentum balance equations for liquid and vapor yields
τw.
√
α = τi. Since the wall shear stress and the void fraction both are strong increasing
functions of the vapor quality, the interfacial shear stress also depicts a growing trend
with x in μ-g, whatever the mass ﬂux is. At very high qualities, an asymptotic behaviour
is observed: the interfacial friction tends to the wall friction (since α is close to one).
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However, in normal gravity, the interfacial shear stress has to compensate both gravity
and wall shear stress. A gravitational term is added to the calculation of τi in 1-g
compared to the expression in μ-g. For moderate and high mass ﬂuxes (G = 200 and
400 kg.s−1.m−2 from Figure 3.26(a) and G = 100 kg.s−1.m−2 from Figure 3.26(b))
corresponding to transition and turbulent ﬂows, the interfacial shear stress increases
when x increases. But at lower mass ﬂuxes (G = 50 and 75 kg.s−1.m−2 from Figure
3.26(b)), a decrease in the interfacial friction is observed with an increasing vapor quality;
a saturation level seems to be reached for qualities higher than 0.5.
Nevertheless, the interfacial friction factor is signiﬁcantly smaller under microgravity
conditions compared to normal gravity, regardless of the evolution of τi in 1-g.
The data presented in Figure 3.26 depend on both the pressure drop and the void
fraction measurements, that present non-negligible uncertainties. Thus, a summary of
the interfacial shear stress data at G = 100 kg.s−1.m−2 is provided in Figure 3.27 with
error bars that take into account these uncertainties.
Figure 3.27: Interfacial shear stress according to vapor quality with experimental
error bars, for G = 100 kg.s−1.m−2, in 1-g (closed symbols, lab tests 2012 and 2014,
PFC 2013 and 2014) and μ-g (open symbols, PFC 2012, 2013 and 2014)
Interfacial data are reported for annular ﬂow, thus for high vapor quality and high void
fraction. Consequently, higher pressure drop measurements allow to obtain a rather
good accuracy on the wall shear stress data. Combined with the experimental error on
void fraction measurements, the uncertainty in τi ranges from 6% to 10% in microgravity.
However, with the addition of the gravitational term that is a strong function of α in
1-g, the accuracy is worse in normal gravity: depending on the void fraction, error bars
at ± 8 to 15% have been plotted.
Even with this lack of precision, the diﬀerence between normal gravity and microgravity
on the interfacial shear stress is signiﬁcant, regardless of the range of mass ﬂux.
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3.4 Heat transfer coeﬃcient
Local measurements of the outer sapphire wall temperature at various locations of the
heated test section are performed in order to characterise heat transfers mechanisms
under normal gravity and microgravity conditions. As for the ﬂow patterns, void fraction
and shear stresses data, the vapor quality x is chosen to describe the evolution of heat
transfer coeﬃcients. A total of 270 points in μ-g and 350 points in 1-g is discussed
thereafter.
The following section presents the experimental results on heat transfer coeﬃcients both
under normal gravity and microgravity conditions. The inﬂuence of the mass ﬂux and
wall heat ﬂux are also investigated to determine the respective contributions of nucleate
boiling and convective boiling in heat transfers. Error bars are plotted on some graphics
to illustrate the uncertainty in the heat transfer coeﬃcient. In addition, comparisons
are drawn with experimental trends highlighted in existing microgravity datasets.
3.4.1 Characterisation of heat transfer coeﬃcient measurements
The calculation of the heat transfer coeﬃcient is presented in the data reduction section
of Chapter 2. As demonstrated, h depends on the sapphire tube wall temperature, on
the bulk temperature and on the wall heat ﬂux q.
Figure 3.28: Heat transfer coeﬃcient according to vapor quality and ﬂow patterns,
for G = 200 kg.s−1.m−2, in 1-g (lab tests 2012, PFC 2013 and 2014)
As previously mentioned, heat transfer coeﬃcient data are plotted according to the
vapor quality calculated at a distance z from the inlet of the heated sapphire tube,
which corresponds to the location of the considered Pt probe. Since the vapor quality
determines the ﬂow pattern, various behaviours can be observed depending on x, due to
completely diﬀerent ﬂow structures, as can be seen in Figure 3.28 for G = 200 kg.s−1.m−2
and q = 2 W.cm−2. In the following sections, it will be referred to subcooled regimes and
saturated regimes: for clarity purposes, subcooled regimes correspond to bubbly ﬂows
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and transition / slug ﬂows that occur at low and moderate qualities, while saturated
regimes are considered to be annular ﬂow at moderate and high qualities.
Experimental points are plotted in Figure 3.29 with error bars to illustrate the uncer-
tainty in the heat transfer coeﬃcient measurements. Since the calculations of h are the
same whatever the gravity level is, only 1-g data are presented in this graphic. Examples
of uncertainties are provided for G = 200 kg.s−1.m−2 at q = 2 W.cm−2 and for G = 50
kg.s−1.m−2 at q = 1 W.cm−2.
The uncertainty in the heat transfer coeﬃcient depends on the precision on the wall
heat ﬂux and the accuracy on the temperature measurements. Errors on the heat ﬂux
and liquid temperature are negligible compared to the uncertainty in the measurements
of the outer wall temperature Tow due to mechanical contact issues. An error of ± 2◦C
have been used for the error bars presented here, which corresponds to the maximal
diﬀerence recorded between two probes diametrically opposed at the same distance z
from the inlet of the sapphire tube.
Figure 3.29: Heat transfer coeﬃcient according to vapor quality with experimental
error bars, for G = 200 and 50 kg.s−1.m−2, in 1-g (lab tests 2012, PFC 2013 and 2014)
The uncertainty in the heat transfer coeﬃcient is therefore higher for subcooled regimes
with smaller external wall temperature values, at ﬁxed mass ﬂux or wall heat ﬂux (the
error is ± 12% for x < 0.1 against ± 6% for x > 0.3 for G = 50 kg.s−1.m−2 at q = 1
W.cm−2). The uncertainty in h also slightly decreases as the wall heat ﬂux increases
(for example, for G = 200 kg.s−1.m−2, a increase of q from 1 to 2 W.cm−2 corresponds
to a decrease in the error of 6,5% to 5.5%).
Heat transfer data are complicated to present in a single graphic since they exhibit
various behaviours depending on the vapor quality x, the mass ﬂux G and the wall heat
ﬂux q. Since CHF issues are not addressed, available heat ﬂuxes are limited; they were
categorised as follow in this study: high wall heat ﬂuxes range from 3.5 to 3.8 W.cm−2,
moderate heat ﬂuxes range from 1.9 to 2.1 W.cm−2 and low heat ﬂuxes range from 0.9
to 1.1 W.cm−2. Additional experiments were performed at q  0.5 W.cm−2 for the
speciﬁc case of low mass ﬂuxes.
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3.4.2 Inﬂuence of mass ﬂux
In the case of boiling experiments with BRASIL, the mass ﬂux G is the ﬂow parameter
that aﬀects the most strongly the heat transfer coeﬃcient. In this section, the inﬂuence
of G on h is investigated through 1-g data since a variation in the gravity level does
not change the general trend of experimental curves. Thus, Figure 3.30 presents the
evolution of h according to the vapor quality for various mass ﬂuxes at q = 2 W.cm−2,
in 1-g. Trend curves are added to better visualise the evolution of h.
(a) G = 400, 200 and 100 kg.s−1.m−2
(b) G = 100, 75 and 50 kg.s−1.m−2
Figure 3.30: Inﬂuence of the mass ﬂux on the heat transfer coeﬃcient - heat transfer
coeﬃcient according to vapor quality, for various mass ﬂuxes, in 1-g
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As a ﬁrst approximation, the graphics highlight the fact that the higher the mass ﬂux,
the larger the heat transfer coeﬃcient. However, important disparities are observed
between subcooled / saturated regimes and between high / low mass ﬂuxes.
High mass ﬂuxes are presented in Figure 3.30(a) with a transition ﬂow at G = 100
kg.s−1.m−2. For very low vapor quality corresponding to bubbly ﬂows, the heat transfer
coeﬃcient is almost independent of x and rather insensitive to the mass ﬂux. This
observation can be extended to transition and slug ﬂows at low and moderate qualities
(except for G = 400 kg.s−1.m−2). On these ranges of ﬂow parameters corresponding to
subcooled regimes, heat transfer mechanisms are dominated by nucleate boiling. On the
opposite, the heat transfer coeﬃcient sharply increases with x for moderate and high
vapor qualities corresponding to annular ﬂow. Moreover, the higher the mass ﬂux, the
larger the rate of growth. Convective boiling, that is promoted by higher mass ﬂuxes,
controls heat transfers in these conditions.
In Figure 3.30(b), at low mass ﬂuxes, the respective contributions of nucleate boiling
and convective boiling are more diﬃcult to distinguish. The behaviour at low vapor
quality is the same as for higher mass ﬂuxes: the heat transfer coeﬃcient is almost
constant and quantitatively similar for the three presented mass ﬂuxes; heat transfer
mechanisms are still mostly controlled by the nucleation term. However, experimental
points corresponding to annular ﬂow do not exhibit a strong increase of h with x as
for G = 400 and 200 kg.s−1.m−2. Especially at very low mass ﬂuxes, the heat transfer
coeﬃcient only slightly increases with x in saturated regimes, which highlights a smaller
contribution of convective boiling in heat transfer mechanisms.
3.4.3 Inﬂuence of wall heat ﬂux
The eﬀect of the wall heat ﬂux on the heat transfer coeﬃcient is presented in Figures
3.31, 3.32(a) and 3.32(b) for G = 200, 100 and 50 kg.s−1.m−2, corresponding to moderate
/ high, moderate and low mass ﬂuxes, in normal gravity. Experimental points and trend
curves for three diﬀerent heat ﬂuxes are plotted: q = 1,2 and 3.5 W.cm−2. The same
scales are used to illustrate h on the graphics.
The inﬂuence of the wall heat ﬂux q on h is visible for all three mass ﬂuxes: the higher the
wall heat ﬂux, the higher the heat transfer coeﬃcient. However, signiﬁcant diﬀerences
in the evolution of h can be observed depending on G.
At G = 200 kg.s−1.m−2, the wall heat ﬂux expecially aﬀects the heat transfer coeﬃcient
in subcooled regimes corresponding to bubbly and transition ﬂows in low vapor quality
region. Then, as the vapor quality increases and the ﬂow becomes annular, the inﬂuence
of the wall heat ﬂux on the heat transfer coeﬃcient decreases and the trend curves tend to
converge. A lack of experimental points at very high quality prevents from appreciating
the actual behaviour for x > 0.5. Nevertheless, these observations highlight the fact
that nucleate boiling is the dominant mode that drives heat transfer mechanisms in
subcooled conditions; in saturated regimes, its contribution then gradually decreases as
the vapor quality increases until it is suppressed, while convective boiling regime occurs.
At lower mass ﬂuxes, the heat transfer coeﬃcient is aﬀected by the wall heat ﬂux on the
whole range of vapor qualities, as it can be seen from Figures 3.32(a) and 3.32(b). That
indicates that the nucleate boiling contribution is still signiﬁcant at high vapor quality.
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Figure 3.31: Inﬂuence of the wall heat ﬂux on the heat transfer coeﬃcient for G =
200 kg.s−1.m−2, in 1-g (lab tests 2012, PFC 2013 and 2014)
For G = 100 kg.s−1.m−2, subcooled ﬂows are dominated by nucleate boiling as well.
In saturated regimes, the heat transfer coeﬃcient still slightly increases with the vapor
quality, whatever the wall heat ﬂux is, which means that convective boiling is still the
dominant transfer mode even with a higher contribution of the nucleation term compared
to high mass ﬂux. As a result, h increases but the diﬀerence between diﬀerent wall heat
ﬂux seems to be constant on the whole range of qualities.
For G = 50 kg.s−1.m−2, nucleate boiling seems to become the dominant mode in heat
transfers for both the subcooled and the saturated regions: the inﬂuence of q on h is
very signiﬁcant for any vapor quality, and the heat transfer coeﬃcient value is almost
constant at moderate and high x, including annular ﬂows at high qualities.
Table 3.2 summarises previous observations by indicating the respective contribution of
nucleate boiling (NB and NBA in annular ﬂow) and convective boiling (CB) in the heat
transfer mechanisms in 1-g (the dominant mode is written in bold). The region that are
aﬀected by the wall heat ﬂux are marked in red.
Low x Moderate x High x
x < 0.13 0.13 < x < 0.25 x > 0.25
G = 200, 400 NB CB CB
G = 100 NB NB + CB NBA + CB
G = 50, 75 NB NBA NBA
Table 3.2: Contributions of heat transfer modes depending on various ﬂow parameters
and inﬂuence of the wall heat ﬂux on the heat transfer coeﬃcient
Chapter 3. Experimental results 123
(a) G = 100 kg.s−1.m−2
(b) G = 50 kg.s−1.m−2
Figure 3.32: Inﬂuence of the wall heat ﬂux on the heat transfer coeﬃcient
for G = 100 and 50 kg.s−1.m−2, in 1-g (lab tests 2012, PFC 2013 and 2014)
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3.4.4 Inﬂuence of gravity level
As for the other ﬂow parameters, the gravity level aﬀects the heat transfer coeﬃcient
in diﬀerent ways depending on the ﬂow features. Diﬀerences between 1-g and μ-g are
discussed thereafter for various mass ﬂuxes.
(a) G = 200 kg.s−1.m−2
(b) G = 100 kg.s−1.m−2
Figure 3.33: Inﬂuence of the gravity level on the heat transfer coeﬃcient for G = 200
and 100 kg.s−1.m−2, for two wall heat ﬂuxes, in 1-g (closed symbols, lab tests 2012,
PFC 2013 and 2014) and μ-g (open symbols, PFC 2012, 2013 and 2014)
saut de ligne
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Figures 3.33 and 3.34 present heat transfer coeﬃcient data in 1-g (closed symbols and
plain lines) and μ-g (open symbols and dotted lines) at two diﬀerent wall heat ﬂuxes (q
= 1 and 3.5 W.cm−2) for various mass ﬂuxes G. A zoom on subcooled data is provided
on each graphic.
Figure 3.34: Inﬂuence of the gravity level on the heat transfer coeﬃcient for G = 50
kg.s−1.m−2, for two wall heat ﬂuxes, in 1-g (closed symbols, PFC 2013 and 2014) and
μ-g (open symbols, PFC 2013 and 2014)
For G = 200 kg.s−1.m−2, subcooled regimes and saturated regimes are aﬀected in dif-
ferent ways by the gravity level. In subcooled conditions, the heat transfer coeﬃcient is
systematically and signiﬁcantly lower in μ-g than in 1-g, at any of the studied wall heat
ﬂuxes, while there is no obvious diﬀerence in h at high quality in saturated regimes.
However, q seems to have an inﬂuence on the vapor quality that corresponds to a merg-
ing of the two gravity level curves: at low heat ﬂux, the heat transfer coeﬃcient values
are already similar in 1-g and μ-g whereas the two trend curves only converge at high
quality for high heat ﬂux.
The trend curves are rather similar for G = 100 kg.s−1.m−2: at low vapor quality, a
signiﬁcant diﬀerence in the heat transfer coeﬃcient can be observed between the two
gravity levels, with smaller values of heat transfer coeﬃcient h in microgravity, while
no inﬂuence of the gravity can be noticed at very high quality in saturated regimes.
Nevertheless, at moderate and high x where annular ﬂows are ﬁrst reported, the heat
transfer coeﬃcient is still higher in normal gravity than in microgravity: compared to
higher mass ﬂux, the transition between the region that is inﬂuenced by the gravity level
and the one that is not occurs at higher quality, due to a more important contribution
of the nucleate boiling on this range of x.
Heat transfers mechanisms are diﬀerent at low mass ﬂuxes, as shown in Figure 3.34: the
heat transfer coeﬃcient is almost constant on the whole range of vapor quality and the
diﬀerence in h is therefore signiﬁcant not only in subcooled conditions but for saturated
regimes too; 1-g and μ-g curves do not converge. Contrary to higher values G, the
inﬂuence of the gravity level on saturated regimes at this mass ﬂux seems to be slightly
less important at high heat ﬂux.
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Figure 3.35 presents trend curves of the ratio of the heat transfer coeﬃcient in μ-g and
1-g in a qualitative form for an intermediate heat ﬂux q = 2 W.cm−2 and for three mass
ﬂuxes according to the vapor quality.
Figure 3.35: Ratio of the heat transfer coeﬃcient in μ-g over the heat transfer coef-
ﬁcient in 1-g (trend curves) for G = 200, 100 and 50 kg.s−1.m−2, at q = 2 W.cm−2
This graphic allows to see that the heat transfer coeﬃcient is either smaller in μ-g or
equal to the heat transfer coeﬃcient in 1-g but never higher. For high and moderate G,
h is 10 to 30% smaller at low vapor qualities; the diﬀerence then decreases as the vapor
quality increases until no diﬀerence is visible for high vapor quality. However, on this
range of subcooled regimes, the smaller the mass ﬂux, the more inﬂuenced by the gravity
level. At low mass ﬂux, the heat transfer coeﬃcient is still smaller in μ-g in subcooled
conditions, but the diﬀerence between the two gravity levels increases with an increasing
vapor quality; at high qualities, a constant diﬀerence of -30% in μ-g is reached.
Tables 3.3, 3.4 and 3.5 summarise the inﬂuence of the gravity level on the heat trans-
fer coeﬃcient depending on the heat ﬂux and vapor quality for G = 200, 100 and 50
kg.s−1.m−2 by indicating the mean diﬀerence in the value of hμ−g compared to h1−g in
percentages on the considered range of vapor quality.
Low x Moderate x High x
q = 3.5 W.cm−2 -10% -7% -
q = 2 W.cm−2 -10% -5% -
q = 1 W.cm−2 -17% - -
Table 3.3: Inﬂuence of the gravity level on the heat transfer coeﬃcient depending on
the vapor quality and wall heat ﬂux for G = 200 kg.s−1.m−2 -
mean diﬀerence in the value of hμ−g compared to h1−g [%]
Series at G = 400 and 75 kg.s−1.m−2 have not been indicated here since they include less
experimental points that for other values of G, and because they are similarly impacted
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Low x Moderate x High x
q = 3.5 W.cm−2 -15% -10% -3%
q = 2 W.cm−2 -20% -8% -
q = 1 W.cm−2 -18 -6% -
Table 3.4: Inﬂuence of the gravity level on the heat transfer coeﬃcient depending on
the vapor quality and wall heat ﬂux for G = 100 kg.s−1.m−2 -
mean diﬀerence in the value of hμ−g compared to h1−g [%]
Low x Moderate x High x
q = 3.5 W.cm−2 -15% -21%
q = 2 W.cm−2 -18% -23% -28%
q = 1 W.cm−2 -7% -20% -24%
Table 3.5: Inﬂuence of the gravity level on the heat transfer coeﬃcient depending on
the vapor quality and wall heat ﬂux for G = 50 kg.s−1.m−2 -
mean diﬀerence in the value of hμ−g compared to h1−g [%]
by ﬂow parameters: curves at G = 200 and 400 kg.s−1.m−2 correspond to the same
trends while data at G = 75 kg.s−1.m−2 are very close from data at G = 50 kg.s−1.m−2.
3.4.5 Comparison with microgravity datasets
In available publications about boiling data in microgravity, authors mostly focus on the
study of the evolution of heat transfer coeﬃcient with the gravity level. The quality is
chosen to describe the evolution of h. Two main datasets are used for comparison with
BRASIL experimental data: data from ENEA (Italy) and data from the University of
Kyushu (Japan).
ENEA data: Baltis et al. [2012] reported qualitative evolution of the heat transfer coef-
ﬁcient according to vapor quality by providing ratios hμ−g over h1−g for the MICROBO
experiment with ENEA. Unfortunately, their experimental points cannot be plotted on
the graphics displaying BRASIL data because the authors calculated a thermodynami-
cal quality that does not characterise the actual fraction of vapor in subcooled regimes.
Moreover, the dimensionless form they chose to present their results does not allow to
appreciate the inﬂuence of the mass ﬂux or heat ﬂux on the heat transfer coeﬃcient.
Figure 3.36 comes from the publication of Baltis et al. [2012]. The inﬂuence of the
gravity level on the diﬀerence in the heat transfer coeﬃcient between microgravity and
normal gravity is presented according to the thermodynamical outlet vapor quality for
various mass ﬂuxes, in the 6mm tube. Wall heat ﬂux settings are not indicated. Left
graphic correspond to a thermocouple located near the inlet of the heated test section
while the right one deals with measurements near the outlet of the tube.
For very low vapor qualities (near the entrance of the tube), heat transfer coeﬃcients
seem to be enhanced of up to 15% in microgravity compared to normal gravity, for
G < 200 kg.s−1.m−2, which would be due, according to the authors, to the larger size of
bubbles in μ-g. For higher mass ﬂuxes, the heat transfer coeﬃcient in microgravity either
equals h in normal gravity or is slightly smaller. When increasing the vapor quality (near
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Figure 3.36: Ratio of heat transfer coeﬃcients hμ−g / h1−g according to thermody-
namical vapor quality at the outlet of the test section for various mass ﬂuxes - (left)
near the inlet of the tube, (right) near the outlet of the tube [Baltis et al., 2012]
the outlet of the tube, still in subcooled conditions), the inﬂuence of the gravity level on
heat transfer mechanisms seems to change: the microgravity heat transfer coeﬃcient,
that is signiﬁcantly smaller at low vapor quality compared to normal gravity, increases
with x until it becomes higher than h in 1-g, up to 20%. According to the authors,
the enhancement of h in microgravity corresponds to the transition from bubbly ﬂow
to intermittent ﬂow. These data are in contradiction with BRASIL results that present
heat transfer coeﬃcients systematically smaller in μ-g than in 1-g in subcooled regimes.
The inﬂuence of the mass ﬂux on the diﬀerence between μ-g and 1-g is also not consistent
between the two datasets.
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Data from the University of Kyushu: Ohta and Baba [2013] recently published
additional measurements of heat transfer coeﬃcient with FC-72 in 4mm ID heated tube
under microgravity conditions for very low mass ﬂuxes G = 40, 60 and 150 kg.s−1.m−2,
as presented in Figure 1.12. Quantitative values shown in this graphic are in good agree-
ment with BRASIL experimental points. Figure 3.37 compare heat transfer coeﬃcient
in normal gravity and microgravity for IMFT data (at q = 1 W.cm−2 for G = 50 and
100 kg.s−1.m−2) and Ohta and Baba data (at q = 0.86 W.cm−2 for G = 60 and 150
kg.s−1.m−2).
1-g data from Ohta and Baba [2013] are in good agreement with 1-g data from this
thesis. Even in subcooled regimes at these low G, an increase of the mass ﬂux leads to
an increase in the heat transfer coeﬃcient. The inﬂuence of the wall heat ﬂux on h is
more diﬃcult to appreciate in Ohta’s dataset since no runs have been performed at the
same vapor quality for various q.
Authors claim that the inﬂuence of gravity is negligible on h on these ﬂow parameter
ranges, but they use logarithmic scales to plot h and they regroup diﬀerent mass and
heat ﬂuxes on the same graphic. In Figure 3.37, similar diﬀerences between the two
gravity levels are observed with the two set-ups, with smaller heat transfer coeﬃcients
in microgravity in subcooled conditions and in saturated regimes at very low mass ﬂux.
In addition, Ohta [2003] stated that the gravity level does not signiﬁcantly aﬀect the
heat transfer coeﬃcient at high mass ﬂux and high vapor quality, which is also consistent
with BRASIL data.
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(a) Moderate mass ﬂuxes
(b) G = 100 kg.s−1.m−2
Figure 3.37: Heat transfer coeﬃcient according to vapor quality in 1-g (closed sym-
bols) and μ-g (open symbols) for low mass and heat ﬂuxes - IMFT data (), and Ohta
and Baba data (◦)
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UMD data: experiments of the University of Maryland did not provide enough exper-
imental points to plot trend curves at ﬁxed mass ﬂux or to study the inﬂuence of wall
heat ﬂux under microgravity conditions. However, they highlight the same trends as the
ones presented in the experimental results of this thesis. In subcooled regimes, smaller
heat transfer coeﬃcients (up to 30%) are found in microgravity compared to normal
gravity, as illustrated in Figure 3.38.
Figure 3.38: Time trace plot of heat transfer coeﬃcient, gravity level and outlet void
fraction for bubbly ﬂow - UMD data
As for Ohta and Baba, and BRASIL experiments, they observed no visible inﬂuence of
the gravity level on g for saturated regimes at high heat ﬂux or high mass ﬂux.
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Conclusion
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BRASIL experimental apparatus allowed to assess the inﬂuence of the gravity level
on ﬂow pattern, void fraction and ﬁlm thickness, wall and interfacial shear stresses,
and heat transfer coeﬃcient data.
Void fraction measurements are clearly impacted by changes in the gravity level:
while it is diﬃcult to highlight trends in subcooled boiling (mostly because of the
uncertainty in the vapor quality that is used to describe the evolution of α), the void
fraction in saturated conditions is signiﬁcantly higher in microgravity, whatever the
mass ﬂux is. However, the diﬀerence between 1-g and μ-g seems to decrease with
decreasing G. As a result, the liquid ﬁlm thickness calculated in annular ﬂows
exhibit higher values in normal gravity than in microgravity.
The wall shear stress is also aﬀected by the mass ﬂux and the gravity level. While
an increase of G or x induces a increase in τw both under normal gravity and
microgravity conditions, the inﬂuence of the gravity level on the wall shear stress
also depends on the mass ﬂux: at high mass ﬂuxes, there is no clear diﬀerence
between 1-g and μ-g points. On the contrary, for moderate and low values of G,
τw is signiﬁcantly lower in microgravity than in normal gravity.
The interfacial shear stress is calculated using pressure drop and void fraction
data. τi increases with x, with a rate of growth that is proportionnal to G. On
the whole range of mass ﬂuxes, the interfacial shear stress is signiﬁcantly lower in
microgravity than in normal gravity.
As a general observation, the heat transfer coeﬃcient increases both with G and
with x. Experimental data also show that the wall heat ﬂux plays an important
role in heat transfers at ﬁxed mass ﬂux. The dependency on q in subcooled boiling
and in saturated boiling at low mass ﬂuxes highlights the important contribution
of nucleate boiling in these conditions, whereas saturated ﬂows at high G or very
high x are controlled by the convective boiling term. The inﬂuence of the gravity
level changes according to the dominant heat transfer mode: in subcooled boiling
and in saturated boiling at low G, h is lower (of 10 to 30%) in microgravity than
in normal gravity; in the regions driven by forced convection, there is no clear
diﬀerence on h between the two gravity levels.
Comparisons drawn with fragmentary data available in microgravity underline con-
sistent trends on void fraction and heat transfer coeﬃcient when experimental con-
ditions are clearly speciﬁed.
In order to be able to properly describe the inﬂuence of the gravity level on in-
vestigated physical quantities, it is necessary to compare experimental data with
litterature correlations and models that express these quantities according to the
main parameters and dimensionless numbers, with potential adjustments to ﬁt data
under microgravity conditions.

Chapter 4
Modelling of ﬂow boiling under
microgravity conditions
Experimental results concerning void fraction, wall and interfacial
shear stresses, and heat transfer coeﬃcient have been presented in
Chapter 3. In order to model boiling mechanisms under micrograv-
ity conditions, measured data are compared to classical correlations
and models, and the inﬂuence of the gravity level on these physical
quantities is assessed.
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Les donne´es expe´rimentales caracte´risant le taux de vide, les frottements parie´taux et
interfaciaux ainsi que les coeﬃcients d’e´change de chaleur ont e´te´ pre´sente´es dans le
Chapitre 3. Aﬁn de mode´liser les me´canismes de l’e´bullition convective dans le but de
pre´dire les e´volutions de parame`tres dans des conditions de microgravite´, ces grandeurs
mesure´es sont compare´es a` des corre´lations et des mode`les de la litte´rature. L’inﬂuence
du niveau de gravite´ est e´galement e´value´e a` travers ces comparaisons.
Re´gimes d’e´coulement et transitions
Les mode`les pre´disant les transitions entre re´gimes d’e´coulement ont majoritairement e´te´
e´tablis pour des e´coulements gaz-liquide. Le crite`re de transition le plus utilise´ correspond
a` une transition a` taux de vide constant (donc a` titre constant). Pour la transition entre
e´coulements a` bulles et e´coulements a` poches-bouchons, un mode`le a` ﬂux de de´rive semi-
empirique donne un accord raisonnable avec les donne´es expe´rimentales. Cependant, la plus
haute valeur de taux de vide trouve´e expe´rimentalement (αc > 0.45) pour la transition
semble indiquer que la coalescence est limite´e, ce qui est conﬁrme´ par la valeur du nombre
d’Ohnesorge.
La valeur critique de taux de vide pour la transition entre e´coulements a` poches-bouchons et
e´coulements annulaires est obtenue en e´galisant les mode`les de´crivant α pour ces deux types
d’e´coulement. La valeur obtenue est cohe´rente avec les mesures. Au contraire, un crite`re de
transition a` nombre de Weber constant ne permet pas de pre´dire les donne´es expe´rimentales.
Taux de vide et e´paisseur de ﬁlm
Pour les re´gimes sous-refroidis, correspondant majoritairement aux e´coulements a` bulles
et e´coulements a` poches-bouchons, le taux de vide est relativement bien de´crit par les
corre´lations de´rivant des mode`les a` ﬂux de de´rive. Les valeurs de vitesse de de´rive et de
coeﬃcient de distribution obtenues expe´rimentalement sont en bon accord avec les valeurs
pre´dites pour les e´coulements a` bulles (le peu de points en e´coulements a` poches-bouchons
ne permettant pas de conclure pour ces re´gimes).
En e´bullition sature´e, avec des e´coulements annulaires, le mode`le de Cioncolini et Thome
de´crit correctement l’e´volution du taux de vide avec le titre. Il surestime ne´anmoins α de
10 a` 20% en gravite´ normale, tandis que les points expe´rimentaux en microgravite´ sont un
peu plus proches de la corre´lation (en particulier a` haut ﬂux de masse, avec une diﬀe´rence
infe´rieure a` 5%).
Pour ces e´coulements annulaires, une e´paisseur de ﬁlm liquide peut eˆtre calcule´e. Cette
e´paisseur de ﬁlm n’est que tre`s peu aﬀecte´e par le taux d’entraˆınement liquide dans le cœur
de vapeur et peut donc eˆtre e´crite en fonction du diame`tre du tube et du taux de vide
total. La comparaison des donne´es expe´rimentales au mode`le de Cioncolini et Thome donne
des re´sultats similaires aux observations faites sur le taux de vide : a` haut ﬂux de masse,
en gravite´ normale, le ﬁlm liquide est plus e´pais que pre´vu par la corre´lation, alors que les
points en microgravite´ sont en ade´quation avec les valeurs pre´dites. La comparaison avec les
donne´es en e´coulements a` faibles ﬂux de masse n’est pas pertinente, le ﬁlm liquide n’e´tant
pas turbulent a` ces de´bits et la nucle´ation de bulles en paroi e´tant probable.
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Frottements parie´taux et interfaciaux
Les re´sultats expe´rimentaux concernant le frottement parie´tal sont confronte´s a` diverses
corre´lations qui fournissent une expression du multiplicateur diphasique en fonction du
parame`tre de Martinelli, et au mode`le de Cioncolini et Thome qui donne une corre´lation
pour la vitesse de frottement dans le cas d’e´coulements annulaires. En conclusion, il est
montre´ qu’une corre´lation classique du type Lockhart et Martinelli peut eˆtre adapte´e pour
prendre en compte l’inﬂuence du de´bit et du niveau de gravite´, et mieux s’ajuster aux donne´es
expe´rimentales.
En e´coulements annulaires, le frottement interfacial (qui est peu aﬀecte´ par l’entraˆınement
liquide) est relativement mal pre´dit par les corre´lations usuellement utilise´es en e´coulement
gaz-liquide. En revanche, l’inﬂuence de la gravite´ sur le coeﬃcient de frottement interfacial
expe´rimental est bien de´crite par une corre´lation propose´e par Ohta en fonction de l’e´paisseur
de ﬁlm et d’un nombre de Froude. Le trace´ du frottement interfacial en gravite´ normale met
en e´vidence une de´pendance a` l’e´paisseur de ﬁlm mais e´galement au ﬂux de masse (cette
dernie`re e´tant mode´lise´e par un nombre de Reynolds a` la puissance -1.3), ce qui est typique
d’un e´coulement non pleinement rugueux. Une proposition de lissage de ces donne´es en
1-g en fonction de δ et Rev permet, combine´e au mode`le d’Ohta, d’obtenir une expression
pre´disant le frottement interfacial en microgravite´. Cette expression reste ne´anmoins une
proposition pre´liminaire a` confronter a` d’autres donne´es expe´rimentales.
Coeﬃcients d’e´change de chaleur
Parmi les corre´lations confronte´es aux donne´es expe´rimentales, certaines prennent en compte
les contributions respectives de l’e´bullition convective et de l’e´bullition nucle´e´e tandis que
d’autres, comme le mode`le de Cioncolini et Thome, ne conside`rent que les transferts de
chaleur par e´vaporation a` travers le ﬁlm liquide en e´coulements annulaires. Le premier type
de corre´lation met en e´vidence l’importance du terme d’e´bullition nucle´e´e en re´gimes sous-
refroidis, quelque soit le de´bit, et en re´gimes sature´s pour les faibles de´bits, tandis que les
e´coulements a` hauts ﬂux de masse sont domine´s par les transferts en e´bullition convective
de`s que le titre en vapeur est assez important.
En e´bullition sous-refroidie, toutes les corre´lations teste´es surestiment les coeﬃcients d’e´change
de chaleur en gravite´ normale. La diﬀe´rence entre valeurs pre´dites et valeurs mesure´es est
encore plus importante en microgravite´, puisque h est signiﬁcativement plus petit en micro-
gravite´ qu’en gravite´ normale. Puisque l’e´bullition nucle´e´e domine les transferts de chaleur
en re´gime sous-refroidi, ces disparite´s semblent lie´es a` une surestimation de la contribution
de l’e´bullition nucle´e´e dans les corre´lations.
Pour les re´gimes sature´s, la comparaison aux corre´lations donne des re´sultats diﬀe´rents suiv-
ant les gammes de parame`tres d’e´coulement conside´re´s, puisque la nature du terme dominant
dans les e´changes de chaleur change selon le ﬂux de masse ou le titre. Les corre´lations qui
distinguent les contributions de l’e´bullition nucle´e´e et de l’e´bullition convective fournissent
cependant des pre´dictions raisonnables du coeﬃcient d’e´change de chaleur, excepte´ a` tre`s
haut titre en vapeur, ce qui laisse penser que le terme convectif est sous-estime´.
En re´sume´, le coeﬃcient d’e´change de chaleur est relativement bien de´crit par les corre´lations
distinguant terme de convection et terme de nucle´ation. Un ajustement de ces corre´lations
avec l’utilisation de facteur de suppression ou d’ame´lioration permettrait de re´e´quilibrer les
contributions de ces deux termes pour mieux de´crire les donne´es expe´rimentales et rendre
compte de l’inﬂuence de la gravite´ sur les transferts de chaleur.
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4.1 Flow patterns and transition
As discussed in Section 1.3, several authors proposed various criteria for the prediction
of transitions between ﬂow patterns. In this section, experimental results are compared
to these models. Three main ﬂow patterns are observed in microgravity: bubbly ﬂow,
transition ﬂow including slug and churn ﬂows, and annular ﬂow. Several models exist for
the prediction of transitions from bubbly to slug ﬂows and from slug to annular ﬂows.
The objective here is not to perform an extensive comparison of the ﬂow pattern maps
with models but only to focus on the one that are the most often used.
4.1.1 Transition between bubbly ﬂow and slug ﬂow:
Several authors [Colin et al., 1991, 1996, Dukler et al., 1988, Zhao et al., 2001] reported
sets of experimental data for gas-liquid ﬂow in μ-g, with models to predict ﬂow pattern
transitions. The most classical criterion used to predict the transition between bubbly
and slug ﬂows is based on a critical void fraction value αc depending on a Ohnesorge
number Oh.
Oh =
μl√
ρl.σ.D
(4.1)
Transition models: Dukler et al. [1988] assume that the local relative velocity between
liquid and gas is negligible under microgravity conditions: ul = ug. Considering that
ul = jl/(1− α) and ug = jg/α, that corresponds to a transition criteria expressed by:
jl =
1− αc
αc
.jg (4.2)
This transition can therefore be plotted on ﬂow pattern map at jl = 1.22 jg for an
experimental value αc = 0.45. By writing jl and jg according to the mass ﬂux G and
the critical vapor quality xc, this transition criteria can be determined in terms of vapor
quality:
xc =
1
1 +
1− αc
αc
ρl
ρg
(4.3)
Colin et al. [1991] made a diﬀerent assumption by using a drift-ﬂux model to deter-
mine the gas velocity according to the mixture velocity j = jl + jv and a distribution
parameter C0:
ug = C0.(jl + jg) (4.4)
wich leads to:
jl =
1− C0.αc
C0.αc
.jg (4.5)
and
xc =
1
1 +
1− C0.αc
C0.αc
ρl
ρg
(4.6)
Experimental results provided a value of 1.2 for C0 for their datasets in bubbly and
slug ﬂows. With a similar critical value of void fraction αc = 0.45, that corresponds
to a transition at jl = 0.85 jg on a ﬂow pattern map, for a diameter D = 40mm. By
considering experiments performed with diﬀerent diameter tubes and ﬂuids, Colin et al.
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[1996] highlighted two regimes of bubble coalescence leading to the transition to slug
ﬂow. If Oh > 8.2 10−4, bubble coalescence is limited and αc = 0.45. If Oh < 7.6 10−4,
the rate of bubble coalescence is very high and αc = 0.2.
Comparison with models: in BRASIL experiments, transition between bubbly and
slug ﬂows is observed for a vapor quality xc  0.05 and a void fraction αc  0.7, which
is in agreement with the value of 0.74 found by Celata and Zummo [2007] for FC-72
runs in 4 and 6mm ID tubes.
The agreement between experimental data and model is reasonable with the drift-ﬂux
expression proposed by Colin et al. [1991] since it leads to a transition at jl = 0.140 jv and
xc = 0.037. However, this model still underpredicts the transition vapor quality of about
25%, despite similar values of distribution parameter (whose calculation is presented in
the section about void fraction modelling) and drift velocity. Corresponding transitions
are indicated in the ﬂow pattern map of Figure 4.1.
A couple of potential causes is identiﬁed for this discrepancy in transition values between
boiling ﬂows and gas-liquid ﬂows. First, the initial size of bubbles nucleated on the wall
is very small. Second, the length of the heated test section is rather small in boiling
experiment, with a ratio L/D close to 30 against 80 in the experiments of Colin et al.
[1991], for example. The residence time of bubbles in the tube is therefore shorter and
their probability of coalescence is also smaller. These reasons could explain that bubbly
ﬂow occurs at higher void fraction in boiling experiments.
In BRASIL experiment, the Ohnesorge number Oh approximately equals 1.14 10−3.
According to Colin et al. [1996], bubble coalescence is limited, which is consistent with
a critical value of void fraction αc > 0.45.
4.1.2 Transition between slug ﬂow and annular ﬂow:
Regarding the transition between slug ﬂow and annular ﬂow, some authors distinguish
an intermediate region corresponding to frothy slug-annular ﬂow with continuous ap-
pearence of frothy mixtures in the liquid slugs that travel at a velocity that is relatively
higher than the liquid velocity at the wall.
Void fraction criteria: Dukler et al. [1988] only considered a direct transition from
slug ﬂow to annular ﬂow. They speculated that it occurs when the void fractions, as
described by two separate models for each type of ﬂow, become equal:
− for the slug ﬂow region, a semi-empirical drift-ﬂux model is used. Through analysis
of ﬂow movies, values of C0 between 1.0 and 1.3 were found, and the authors assumed
it to be 1.25 in their calculations.
α =
1
C0
.
jv
jl + jv
(4.7)
− for the annular ﬂow region, the momentum balance equations written for the liquid
and the mixture yield τi = τw
√
α under microgravity conditions. By introducing the
interfacial and wall friction factor fi and fw, the void fraction α can be calculated with
the following equation:
α5/2
(1− α)2 =
(
fi
fw
)
.
(
ρg
ρl
)
.
(
jg
jl
)2
(4.8)
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Wallis model is suggested to calculate the interfacial friction factor fi, and the Blasius
relation to obtain fw at the wall. As the ﬂow is expected to be a combination of slug
and annular ﬂows near the transition, Equations (4.7) and (4.8) can be combined to
solve the superﬁcial velocities at the boundary.
With the experimental datasets provided by the authors, a critical value αc  0.80 is
found for the transition from slug ﬂow to annular ﬂow.
Weber number criteria: Zhao and Rezkallah [1993] reported a large set of experi-
mental data on gas-liquid ﬂow under microgravity conditions and suggested a model for
the prediction of ﬂow pattern transitions based on an analysis of the forces acting on
the mixture. According to the authors, the Weber number, deﬁned by the ratio between
inertial forces over surface tension, plays an important role in μ-g when the buoyancy
force is negligible. They therefore proposed a transition criteria based on a critical We-
ber number Wec calculated with the superﬁcial gas velocity jg and density ρg:
− bubbly and slug ﬂow are observed for Wec < 1, where the surface tension force is
higher than the inertial force;
− for 1 < Wec < 20, comparable values of inertia and surface tension forces lead to a
large transition with frothy slug-annular ﬂow that correspond to the beginning of the
transition from slug ﬂow to annular ﬂow;
− the last region is characterised by We > 20 and important inertial forces. It contains
all the annular ﬂow runs.
Comparison with models: in BRASIL experiments, transition between slug and
annular ﬂows is observed for a vapor quality xc  0.13 and a void fraction αc  0.8,
which is in agreement with Dukler et al. [1988].
Figure 4.1: Flow pattern map in μ-g and transition between ﬂow patterns as predicted
by classical models
As discussed in the previous section, the drift-ﬂux model provides a rather accurate
prediction of the vapor velocity according to the mixture velocity in subcooled boiling.
On the contrary, Equation (4.8) does not provide a description of friction factors and
void fraction in agreement with experimental data: calculations of the ratio fi/fw for
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measured values (with experimental void fraction measurements) and for Dukler’s model
highlight a systematic underprediction of about 70% under microgravity conditions (ex-
cept for G = 200 and 400 kg.s−1.m−2 at high vapor quality). This discrepancy was
expected since Dukler et al. [1988] use Wallis model to predict interfacial friction factor
and this correlations has proven to not ﬁt experimental interfacial shear stress data.
Zhao and Rezkallah [1993]’s transition criteria does not correctly predict experimental
trends. The transition is assumed to occur at a constant Weg value whatever the mass
ﬂux, whereas experimental results show that the value of the critical Weber number
increases with the mass ﬂux.
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4.2 Void fraction and ﬁlm thickness
In this section, void fraction measurements are compared to values provided by models
and empirical correlations, for both subcooled and saturated boiling. In the speciﬁc case
of annular ﬂow, liquid entrainment is characterised and consistency of corresponding
experimental liquid ﬁlm thicknesses with models is discussed.
4.2.1 Void fraction
Most of literature correlations give an averaged surface or volumetric void fraction. In
subcooled boiling, it therefore corresponds to the vapor fraction delimited by bubbles,
while it characterises the vapor core (minus entrained liquid droplets) in annular ﬂow.
Proposed models are valid for a given ﬂow pattern. Drift ﬂux models [Zuber and Findlay,
1965] or the correlation of Steiner [1993] are relevant for the prediction of the void
fraction in bubbly and slug ﬂows corresponding to subcooled regimes. Other correlations
(like the one of Cioncolini and Thome [2012b]) have been established over a wide range
of vapor qualities corresponding to diﬀerent ﬂow patterns. Investigated correlations are
presented in Figure 4.2 at G = 200 kg.s−1.m−2 in 1-g and μ-g (when depending on the
gravity level).
Figure 4.2: Predictions of void fraction according to various empirical correlations
In subcooled regimes: in subcooled boiling that mostly corresponds to bubbly and
slug ﬂows, void fraction values range from 0 to 0.6. Measurements at very low void
fraction are not very accurate since the sensitivity of the capacitance probes is not good
enough to properly distinguish them from the all-liquid state. Moreover, there is a lack
of precision on the associated vapor quality, which makes it diﬃcult to compare void
fraction data to correlations given according to x. Nevertheless, some calculations can
be made for subcooled conditions.
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Experimental distribution parameter: the coeﬃcient C0 that characterises phase distri-
bution in the drift-ﬂux model can be determined with experimental results by plotting
the vapor velocity uv according to the mixture velocity for bubbly and slug ﬂows.
Figure 4.3: Mean vapor velocity for bubbly and slug ﬂows un subcooled boiling, in
1-g (closed symbols) and μ-g (open symbols)
- comparisons with drift ﬂux model for C0 = 1.25
Figure 4.3 shows the vapor velocity in subcooled runs (bubbly and slug ﬂows) in micro-
gravity compared to the drift ﬂux model uv = C0.j with C0 = 1.25. Despite the lower
accuracy on measurements at low vapor quality, the agreement between experimental
data and the relationship used by Colin et al. [1991] is good, and similar values of C0
are found in μ-g. On-ground data are also plotted on Figure 4.3, with the same value
of C0 and by adding a drift velocity u∞ = 0.145 m.s−1 corresponding to the theoretical
value of Harmathy [1960] for bubbly ﬂows (Equation (4.9)). In 1-g too, a drift-ﬂux
model provides a suitable description of the vapor velocity. Slug ﬂow runs (that are not
identiﬁed in the graphic, and correspond to higher mixture velocities) are too few and
too scattered to highlight a speciﬁc velocity comparable with the theoretical value of
0.085 m.s−1 given for slug ﬂows by uv = 0.35
√
g.D.
u∞ = 1.53 ·
(
g · (ρl − ρv) ·
σ
ρ2l
)1/4
(4.9)
Drift-ﬂux model: the drift ﬂux expression that is discussed in the ﬂow pattern transition
section can be written according to the mass ﬂux and vapor quality to obtain α as a
function of x. With a distribution coeﬃcient C0 and a drift velocity u∞, the drift ﬂux
models in 1-g leads to:
α =
1/C0
1 +
(
ρv
ρl
+
u∞.ρv
G
)
1
x
− ρv
ρl
(4.10)
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In Figure 4.4, experimental values of void fraction are compared to the ones predicted
by the 1-g drift-ﬂux model in the same conditions.
Figure 4.4: Comparison of measured void fraction and predicted void fraction in
subcooled boiling, in 1-g (closed symbols) and μ-g (open symbols)
using a drift ﬂux model in 1-g with C0 = 1.25 and u∞ = 0.145 m.s−1
In the region where α is very small (corresponding to dispersed bubbly ﬂows), void
fraction values cannot be compared with the model. Indeed, a small error on x leads to
a signiﬁcant error on α, according to Equation (4.10). However, near the transition from
bubbly to slug ﬂow and in transition and slug ﬂows, most of the experimental points
exhibit a diﬀerence of maximum ± 20% compared to Equation (4.10). The model
predictions are in better agreement with 1-g data than with μ-g data.
Steiner correlation: Steiner [1993] developed a void fraction correlation derivated from
the drift-ﬂux model established by Rouhani and Axelsson [1970]. This correlation is
described by Equation (1.46). As for the drift-ﬂux relation presented above, this expres-
sion of α depends on the vapor quality but also on the mass ﬂux G and the gravity level
through the acceleration constant g. Neglecting the gravitational term yields a simpli-
ﬁed correlation for microgravity cases that corresponds to higher void fraction than in
normal gravity, as illustrated in Figure 4.5.
Even though this correlation was established with a drift ﬂux model, authors claim it is
suitable for boiling in subcooled and quality regions since it sucessfully predicted their
experimental database. However, it is not quite adapted to annular ﬂow at high vapor
quality. Nevertheless, all experimental data are plotted in Figure 4.5 for G = 200 and
50 kg.s−1.m−2, with model trend curves in 1-g and μ-g. The same data are plotted in
Figure 4.6 with additional experimental values at diﬀerent mass ﬂuxes, in order to draw
a comparison between measurements and model calculations for the same ﬂow features
(ﬂuid properties and ﬂow parameters).
In dispersed bubbly ﬂow, the error on the quality induces a large error on the predicted
void fraction, making comparisons with the model of Steiner [1993] diﬃcult. At vapor
qualities corresponding to transition and slug ﬂow, the diﬀerence between model and
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Figure 4.5: Void fraction in 1-g (closed symbols) and μ-g (open symbols) for two
diﬀerent mass ﬂuxes - comparisons with the correlations proposed by Steiner [1993]
Figure 4.6: Comparison of measured void fraction and predicted values in 1-g (closed
symbols) and μ-g (open symbols) using the correlation proposed by Steiner [1993]
measurements ranges from 10 to 40% and it is diﬃcult to identify a trend for the inﬂuence
of the gravity level. However, the results in saturated conditions (α > 0.8) look alot
like that of Cioncolini and Thome [2012b] model: trend curves at diﬀerent mass ﬂuxes
and gravity levels merge at high vapor quality; high mass ﬂuxes are better described
by the correlation than experiments at lower G, whatever the gravity level is, and μ-g
are in better agreement with the model than 1-g data. Corresponding Mean Absolute
Errors (MAE) between experiments and models are presented for saturated boiling only
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in Table 4.1, for each mass ﬂux and gravity level.
MAE =
n∑
i=1
∣∣∣∣αn,meas − αn,theoαn,meas
∣∣∣∣ (4.11)
In saturated regimes: in their modelling of annular ﬂow, Cioncolini and Thome
[2012b] proposed a correlation for the void fraction that was presented in Equation
(1.37). Unlike the drift-ﬂux relation in subcooled regime, this expression is independent
of the mass ﬂux or the gravity level. It is plotted in Figure 4.7 for saturated runs at
G = 200 and 50 kg.s−1.m−2, both under normal gravity and microgravity conditions,
according to the vapor quality.
α =
m · xn
1 + (m− 1) · xn (4.12)
where ⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
m = a+ (1− a) ·
(
ρv
ρl
)a1
a = −2.129, a1 = −0.2186
n = b+ (1− b) ·
(
ρv
ρl
)b1
b = 0.3487, b1 = 0.515
(4.13)
Figure 4.7: Void fraction in saturated boiling according to the vapor quality,
in 1-g (closed symbols) and μ-g (open symbols) for two diﬀerent mass ﬂuxes -
comparisons with the model proposed by Cioncolini and Thome [2012b]
In 1-g, the model clearly overpredicts the void fraction, whatever the mass ﬂux is.
However, in μ-g, void fraction data at high G are in good agreement with the correlation,
while experimental values at low G are still overpredicted by the model (but slightly
less than in normal gravity). Same trends can be observed in Figure 4.8 that draws a
comparison between measured and predicted void fraction values in the same conditions.
In a general way, these two graphics show that the model always overpredicts α.
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(a) High and intermediate mass ﬂuxes
(b) Intermediate and low mass ﬂuxes
Figure 4.8: Comparison of measured void fraction and predicted void fraction in
saturated boiling, in 1-g (closed symbols) and μ-g (open symbols)
using a prediction model proposed by Cioncolini and Thome [2012b]
As can be seen from Figure 4.8(a), void fraction data at high and moderate mass ﬂuxes
are rather well described by the correlation proposed by Cioncolini and Thome [2012b],
especially in microgravity: while the diﬀerence between experimental and predicted
values is between 5 and 15% in 1-g, a maximal diﬀerence of 5% is observed for the case
of μ-g. The discrepancy between model and experiments is a bit higher for low mass
ﬂuxes, as shown in Figure 4.8(a): at G = 50 and 75 kg.s−1.m−2, this diﬀerence ranges
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from 10 to 18% in 1-g and from 5 to 15% in μ-g. These observations are summarised in
Table 4.1 devoted to saturated boiling.
Summary: comparisons previously drawn between void fraction experimental data and
correlations are summarised in Table 4.1 (for saturated runs) with indications of MAE in
% for each mass ﬂux G and each gravity level. In this particular case, MAE correspond
to - MRE (Mean Relative Error) since models systematically overpredict void fraction
values. For each series of points, the correlation that better ﬁts the dataset is indicated
in bold, in blue (for 1-g data) or in purple (for μ-g data).
In bubbly and slug ﬂows, none of the models correctly predicts void fraction at high
mass ﬂux, mostly due to the dispersion of experimental points and the lack of precision
on the calculation of α and x for dispersed bubbly ﬂows. At moderate and low mass
ﬂuxes, the mean error between model and experiments is smaller because these series
mostly exhibit transition and slug ﬂow runs, for which the accuracy on measurements
is better (except for G = 50 kg.s−1.m−2 in μ-g where only very few points are available
in subcooled regimes). As a general observation, the classical drift ﬂux model calcu-
lated with experimental distribution coeﬃcient and drift velocity provides the better
prediction of void fraction, for both 1-g and μ-g data.
In saturated conditions, the modiﬁed correlation of Steiner [1993], for the two gravity
levels, and the model proposed by Cioncolini and Thome [2012b] are equivalent and
provide a good prediction of the void fraction, even if experimental points are system-
atically a bit underpredicted. In 1-g, the correlation calculated with Steiner [1993] and
g = 9.81 better ﬁts BRASIL dataset, with MAE between 6 and 11% and smaller values
for moderate mass ﬂuxes (G = 100 and 200 kg.s−1.m−2). In μ-g, the three models are
suitable for the prediction of α; at high mass ﬂuxes (G = 400 and 200 kg.s−1.m−2), the
correlation proposed by Cioncolini and Thome [2012b] exhibits a MAE of about 2%,
while the Steiner [1993] version can be preferred at moderate and low mass ﬂuxes with
MAE ranging from 3 to 8%. Table 4.1 also highlights the fact that μ-g data are in bet-
ter agreement with correlations than 1-g data are, since these correlations overpredict α
that is slightly higher under microgravity conditions compared to normal gravity.
In conclusion, a drift-ﬂux model can be used to describe void fraction data in bubbly
and slug ﬂows, with a precision that depends on ﬂow parameters. In annular ﬂow, α is
controlled by the wall and interfacial shear stresses, τw and τi.
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4.2.2 Liquid entrainment in annular ﬂow
In the model they developed to describe thermodynamical mechanisms in annular ﬂow,
Cioncolini and Thome [2012a] propose an iterative correlation, presented in Equation
(1.35), to estimate the liquid fraction e that is entrained in the vapor core under the
form of liquid droplets. Since the entrainment is given according to a Weber number
calculated with a superﬁcial vapor velocity, it is expected to be higher at higher mass
ﬂux or higher vapor quality.
It is necessary to determine this ﬂow parameter to correctly apprehend annular ﬂow
behaviour; indeed, if the liquid entrained fraction is signiﬁcant, this could have an im-
portant inﬂuence on the wall liquid ﬁlm thickness compared to the case where e can be
neglected. Figure 4.9 presents the results of iterative calculations providing estimations
of e for all mass ﬂuxes and gravity levels.
Figure 4.9: Liquid fraction (in %) of droplets entrained in the vapor core of annular
ﬂow, according to vapor quality and for various mass ﬂuxes,
in 1-g (closed symbols) and μ-g (open symbols)
Since the model does not take the gravity into account, the same observations can
be made at ﬁxed G for the two gravity levels. At low mass ﬂuxes corresponding to
low Weber numbers (G = 50 and 75 kg.s−1.m−2), the entrained liquid fraction can be
neglected: even at high vapor quality, e does not exceed 1% of the total liquid fraction.
At G = 100 kg.s−1.m−2), e is a bit higher but does not represent more than 5% of xl
(except at very high vapor quality x > 0.7 with very few available points), which is also
negligible. However, at high mass ﬂuxes, the entrained liquid fraction largely increases
with the vapor quality due to larger relative velocity diﬀerence: at G = 400 kg.s−1.m−2),
e goes up to 30% for x = 0.4; in the same way, the entrainement cannot be neglected at
G = 200 kg.s−1.m−2) for vapor quality higher than 0.4.
All following experimental comparisons and calculations with models are made by tak-
ing this entrainement into account. Unfortunately, there is no way to correlate this
calculated entrainment with experimental data from this study.
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4.2.3 Film thickness in annular ﬂow
In Chapter 3, experimental results on liquid ﬁlm thickness in annular ﬂow have been
presented by neglecting the liquid entrainment in the vapor core according to preliminary
calculations. However, Figure 4.9 shows that e cannot be neglected on all ranges of ﬂow
parameters (especially for combinaisons of high G and x). In this section, the inﬂuence
of liquid entrainement on δ is discussed and corrected ﬁlm thicknesses are compared to
the one predicted by the model of Cioncolini and Thome [2012b].
Inﬂuence of liquid entrainement: as previously discussed, the liquid fraction that
is entrained in the vapor core cannot be neglected at high mass ﬂuxes, especially at
high vapor quality. The wall liquid ﬁlm thickness can therefore be recalculated using
Equation (4.14) to account for the droplet entrainment.
δ =
D
2
(1−
√
α.(1 +
ρv
ρl
· 1− x
x
· e) (4.14)
However, the inﬂuence of the droplet entrainment on the liquid ﬁlm thickness is negligi-
ble, mostly because e is weighted by the density ratio ρv/ρl. Indeed, the maximum error
made by ignoring the liquid entrainment in the calculations of the liquid ﬁlm thickness
for BRASIL database is less than 3%.
Experimental data that are presented thereafter take into account the liquid fraction
entrained in the vapor core, as calculated with the model developed by Cioncolini and
Thome [2012a], but the diﬀerence with the case without droplet entrainment cannot be
seen with the naked eye on the graphics.
Comparison to model: in their annular ﬂow model, Cioncolini and Thome [2012a]
proposed a correlation for the liquid ﬁlm thickness by describing a velocity proﬁle in the
turbulent liquid ﬁlm, which is presented in Equation (1.78). Contrary to void fraction
data, this correlation depends on the mass ﬂux G. Figure 4.10 draws a comparison
between the model and experimental data for various mass ﬂuxes both under normal
gravity and microgravity conditions.
The general trends described by the correlation are in good agreement with experimental
curves at high and moderate mass ﬂuxes: the inﬂuence of G on δ is correctly illustrated,
and ﬁlm thicknesses are consistent at moderate vapor quality, in 1-g and μ-g. However,
a quantitative diﬀerence can be observed at higher x for experimental values in 1-g:
while microgravity data are rather close to the model on this range of quality, 1-g curves
exhibit signiﬁcantly larger ﬁlm thicknesses.
At low mass ﬂuxes, the qualitative evolution of δ is properly described by Cioncolini
and Thome [2012a] correlation, but the latter systematically underpredicts δ compared
to experiments, for the two gravity levels and even at moderate vapor quality near the
transition from slug ﬂow. Microgravity ﬁlm thicknesses are still lower than 1-g values
of δ but the inﬂuence of gravity level is less important than at higher mass ﬂuxes. The
diﬀerence between experimental data and model at these values of G can be explained
by the fact that the liquid ﬁlm is not turbulent anymore: at G = 50 kg.s−1.m−2, 300
< Rel < 850, and at G = 75 kg.s
−1.m−2, 700 < Rel < 1000, with:
Rel =
jl.D
νl
(4.15)
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(a) High and intermediate mass ﬂuxes
(b) Intermediate and low mass ﬂuxes
Figure 4.10: Liquid ﬁlm thickness in saturated boiling according to the vapor quality,
in 1-g (closed symbols) and μ-g (open symbols) for various mass ﬂuxes -
comparisons with the model proposed by Cioncolini and Thome [2012a]
These observations are summarised in Figures 4.11 and 4.12 that show a comparison
of predicted and experimental values of the liquid ﬁlm thickness in normal gravity and
microgravity for all investigated mass ﬂuxes, including those where the liquid ﬁlm is
laminar. The MAE corresponding to these graphics are indicated in Tables 4.2 and 4.3.
Tables 4.2 and 4.3 presents the MAE in % between experimental data and the prediction
correlation proposed by Cioncolini and Thome [2012a] for each mass ﬂux and each
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Figure 4.11: Comparison of measured liquid ﬁlm thickness and
predicted liquid ﬁlm thickness in saturated boiling, in 1-g
using a prediction model proposed by Cioncolini and Thome [2012a]
Figure 4.12: Comparison of measured liquid ﬁlm thickness and
predicted liquid ﬁlm thickness in saturated boiling, in μ-g
using a prediction model proposed by Cioncolini and Thome [2012a]
gravity level. Moderate and high vapor quality regions have arbitrary been distinguished
to separate data near the transition from slug ﬂow with strong evolution of the ﬁlm
thickness and data that are less sensitive to the quality.
saut de ligne
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In normal gravity, experimental data at high mass ﬂux are in rather good agreement
with the correlation near the transition from slug ﬂow with MAE smaller than 20%
whereas the model largely underpredicts δ (of about 40 - 50%) at higher vapor qualities.
At low mass ﬂuxes, liquid ﬁlms are laminar and the comparison with the model is not
relevant anymore: the correlation underpredicts the ﬁlm thickness even at moderate x.
Moderate vapor quality High vapor quality
0.13  x  0.25 0.25 < x
G = 400 16.4 38.3
G = 200 13.7 49.9
G = 100 27.6 53.9
G = 75 - -
G = 50 - -
Table 4.2: Mean absolute error (MAE, in %) between BRASIL experimental liquid
ﬁlm thicknesses and liquid ﬁlm thicknesses predicted by the model of
Cioncolini and Thome [2012a] in 1-g in saturated boiling conditions
Since experimental curves highlight a clear inﬂuence of the gravity level on liquid ﬁlm
thickness, the comparison between Cioncolini and Thome [2012a] relation and exper-
imental data exhibit diﬀerent trends in μ-g. At low mass ﬂux, the correlation still
underpredicts the ﬁlm thickness, but to a lesser extent than in 1-g since δ is smaller in
μ-g. This diﬀerence due to change in the gravity level also explains that experimental
values of δ at high vapor quality better ﬁt the model in microgravity than in normal
gravity (with a MAE of 8% for G = 200 kg.s−1.m−2 at high x in μ-g against 50% in 1-g,
for example).
Moderate vapor quality High vapor quality
0.13  x  0.25 0.25 < x
G = 400 57.9 15.9
G = 200 28.6 7.3
G = 100 24.2 27.1
G = 75 - -
G = 50 - -
Table 4.3: Mean absolute error (MAE, in %) between BRASIL experimental liquid
ﬁlm thicknesses and liquid ﬁlm thicknesses predicted by the model of
Cioncolini and Thome [2012a] in μ-g in saturated boiling conditions
Cioncolini and Thome [2012a] ﬁlm thickness model can therefore be used to ﬁt experi-
mental data (1) in 1-g, at high and moderate mass ﬂuxes, and at moderate vapor quality,
(2) in μ-g, at high and moderate mass ﬂuxes, at moderate / high and high vapor quality.
On other ﬂow parameter ranges, a correction is needed since δ is underpredicted of 30
to 60% (3) in 1-g, at high and moderate mass ﬂuxes, and at high vapor quality, (4) in
1-g and μ-g, at low mass ﬂuxes.
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4.3 Wall and interfacial shear stresses
In this section, the experimental database obtained with BRASIL experiment in 1-g
and μ-g is compared to the prediction of various correlations in order to model wall and
interfacial shear stresses. The inﬂuence of the gravity level is also discussed.
4.3.1 Wall shear stress
Most of the correlations used for the prediction of pressure drops in two-phase ﬂow
are valid for both subcooled and saturated conditions. These correlations are therefore
evaluated in the whole range of ﬂow parameters, but subcooled and saturated regimes
are nonetheless distinguished in the comparisons. An additional model that is valid only
in annular ﬂow is also assessed.
Investigated correlations: the consistency of experimental data with empirical pre-
dictions has been evaluated for various correlations that are presented in Chapter 1, i.e
the correlations of Lockhart and Martinelli [1949] (Equation (1.53)), Awad and Muzy-
chka [2010] (Equation (1.81)), Friedel [1979] (Equation (1.58)), and Mu¨ller-Steinhagen
and Heck [1986] (Equation (1.60)) that give an expression of the two-phase multiplier
φ2l according to Martinelli parameter X. All assessed correlations are shown in Figure
4.13 for HFE-7000 at atmospheric pressure and saturation temperature.
Figure 4.13: Predictions of two-phase multiplier according to various empirical
correlations, for HFE-7000 at atmospheric pressure and saturation temperature
Lockhart and Martinelli [1949] correlation can be calculated with diﬀerent coeﬃcients
depending on whether each phase exhibits turbulent or laminar behaviour (Equation
(1.53)). Two situations are investigated here: the case where both phases are turbulent
(Rev and Rel > 2000, referred to as tt) and the case were only the vapor phase is
considered to be turbulent (Rev > 2000 and Rel < 2000, referred to as lt). There are
also two possible calculations for the pressure drop predicted by Friedel [1979] (Equation
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(1.58)) since it includes a Froude number taking the gravity into account. Two diﬀerent
curves corresponding to 1-g and μ-g are therefore presented.
In subcooled conditions corresponding to X  1.0 (low values of x), the four correlations
are rather equivalent (except for the version of Mu¨ller-Steinhagen and Heck [1986] that
predicts slightly lower values), especially when considering that the uncertainty in the
measurements is maximal on this particular range of ﬂow parameters. At moderate /
high quality, Mu¨ller-Steinhagen and Heck [1986] (Equation (1.60)) clearly underpredicts
φl compared to the other curves that are very close. On the contrary, at very high
x (lowest values of X), the curves merge but the one predicted by Friedel [1979] that
exhibits a diﬀerent behaviour at the limit.
The prediction method proposed by Awad is equivalent to the one of Lockhart and
Martinelli [1949] since it consists in a recent modiﬁcation of the two-phase multiplier
to ﬁt microgravity data. Regarding predictions by Friedel [1979], the inﬂuence of the
gravity level induces no signiﬁcant variation in the two-phase multiplier.
Comparison with correlations: for clarity purposes, the experimental two-phase
multiplier is presented with the sole correlation of Lockhart and Martinelli [1949] ac-
cording to X in 1-g (Figure 4.14) and in μ-g (Figure 4.15).
Figure 4.14: Experimental two-phase multiplier according to Martinelli parameter
for all investigated mass ﬂuxes in 1-g - comparisons with
two correlations proposed by Lockhart and Martinelli [1949]
In normal gravity, φl is rather well described by the correlation at high mass ﬂuxes,
with a intermediate coeﬃcient between lt and tt cases. The same observation can be
made in microgravity: the inﬂuence of the gravity level at G = 200 and 400 kg.s−1.m−2
is not clearly visible in these graphics. On the other side, behaviours at moderate and
low mass ﬂuxes are diﬀerent according to gravity conditions: in μ-g, where the total
pressure gradient only depends on the frictional term, the experimental curve at ﬁxed G
shifts down to the lt region predicted by Lockhart and Martinelli [1949] as the mass ﬂux
decreases. On the contrary, the additional gravitational contribution plays an important
role in 1-g, especially at low mass ﬂuxes, which explains an increase in the two-phase
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Figure 4.15: Experimental two-phase multiplier according to Martinelli parameter
for all investigated mass ﬂuxes in μ-g - comparisons with
two correlations proposed by Lockhart and Martinelli [1949]
multiplier with a decrease of G in normal gravity. Trends can hardly be distinguished
at very low vapor quality (highest values of X) to characterise the inﬂuence of G or g.
Whatever the ﬂow parameter range is, the general trend followed by φl is well described
by the correlation of Lockhart and Martinelli [1949], and a simple adjustment of the
coeﬃcient C used in the model would allow to properly ﬁt experimental data depending
on the mass ﬂux and gravity level.
Further comparisons with correlations are provided thereafter for microgravity and nor-
mal gravity conditions, in Figures 4.16 to 4.20, along with corresponding MAE.
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(a) in 1-g, tt case
(b) in μ-g, tt case
Figure 4.16: Comparison of measured two-phase multiplier and predicted two-phase
multiplier using an empirical correlation proposed by Lockhart and Martinelli [1949]
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(a) in 1-g, lt case
(b) in μ-g, lt case
Figure 4.17: Comparison of measured two-phase multiplier and predicted two-phase
multiplier using an empirical correlation proposed by Lockhart and Martinelli [1949]
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(a) in 1-g
(b) in μ-g
Figure 4.18: Comparison of measured two-phase multiplier and predicted two-phase
multiplier using an empirical correlation proposed by Awad and Muzychka [2010]
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(a) in 1-g
(b) in μ-g
Figure 4.19: Comparison of measured two-phase multiplier and predicted two-phase
multiplier using a correlation proposed by Mu¨ller-Steinhagen and Heck [1986]
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(a) in 1-g, 1-g correlation
(b) in μ-g, μ-g correlation
Figure 4.20: Comparison of measured two-phase multiplier and predicted two-phase
multiplier using an empirical correlation proposed by Friedel [1979]
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Cioncolini model: the annular ﬂow model that has been developed by Cioncolini and
Thome [2009] includes a method to predict two-phase frictional pressure drop in this
kind of regime, as presented in Equation (1.61) (as a matter of fact, this expression
of the wall shear stress is necessary to calculate the liquid ﬁlm thickness previously
investigated through the same model). Figures 4.21 and 4.22 show a comparison between
experimental friction velocity u∗ =
√
τw/ρl and values predicted by the correlation in
saturated boiling, both under normal gravity and microgravity conditions. Mass ﬂuxes
corresponding to turbulent ﬁlms and errors bars are indicated.
Figure 4.21: Comparison of measured friction velocity and predicted friction velocity
in 1-g using a model proposed by Cioncolini and Thome [2009]
Figure 4.22: Comparison of measured friction velocity and predicted friction velocity
in μ-g using a model proposed by Cioncolini and Thome [2009]
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In normal gravity, all mass ﬂuxes exhibit the same trend (with quantitative diﬀerences
due to changes in the velocities): at moderate quality, near the transition from slug ﬂow,
the model underpredicts u∗, and the discrepancy between model and experiments gets
smaller as G decreases (it is about -20% at G = 400 kg.s−1.m−2, and only -12% at G
= 200 kg.s−1.m−2). At moderate and high x, the correlation is in very good agreement
with experimental points (with errors lower than 10%). Finally, as the vapor quality
increases towards very high x, the diﬀerence between the model and experimental u∗
increases, but still in reasonable extent. As a general observation, the friction velocity
u∗ in 1-g is well predicted by Cioncolini’s model, with a maximal error of 25% on the
whole range of vapor quality.
In microgravity, the evolution of u∗ is the same than in 1-g but with slightly smaller val-
ues of measured friction velocity at low vapor quality. As a consequence, the prediction
of the model on this range of quality is not as good as in 1-g, with errors up to 40%.
For high values of x, similar observations can be made for the two gravity levels.
The model established by Cioncolini and Thome [2009] can therefore be used to predict
the friction velocity u∗ for ﬂow regimes corresponding to turbulent liquid ﬁlms with a
rather good accuracy, both under normal gravity and microgravity conditions (since τw
is similar in the two gravity levels at high mass ﬂuxes).
Summary: comparisons previously drawn between two-phase experimental pressure
drop data and correlations are summarised in Tables 4.4 (for subcooled runs) and 4.5
(for saturated runs) with indications of MAE in % for each mass ﬂux G and each gravity
level. For each series of points, the correlation that better ﬁts the dataset is indicated
in bold, in blue (for 1-g data) or in purple (for μ-g data).
In subcooled boiling, the accuracy on measurements and the diﬀerences in various models
are not important enough to enable the validation of one correlation over the others.
The correlation proposed by Lockhart and Martinelli [1949] seems nonetheless in good
agreement with experimental μ-g data (with MAE between 5 and 20%), especially at
moderate and low G for lt cases (except for the series at G = 50 kg.s−1.m−2 that exhibits
less subcooled runs than for other G). For 1-g data, Lockhart and Martinelli [1949] in
tt case rather well ﬁts data at high, while Friedel [1979] version can be chosen over
other correlations for low G. Whatever the gravity level is, the expression proposed by
Mu¨ller-Steinhagen and Heck [1986] signiﬁcantly underpredicts the friction, with MAE
higher than 50%.
In saturated boiling, the uncertainty in measurements is smaller but the inﬂuence of the
mass ﬂux or the gravity level makes hardly possible to chose a general correlation over
the others. For example, in 1-g, the expression established by Lockhart and Martinelli
[1949] or the one of Friedel [1979] with g = 9.81 m.s−1 can be used depending on the range
of vapor quality or mass ﬂux, with MAE around 5%. The modiﬁed correlation of Awad
and Muzychka [2010] provides a suitable prediction of μ-g data for any ﬂow parameter
setting but the original correlation of Lockhart and Martinelli [1949] in the turbulent
/ turbulent case may be preferred as high mass ﬂuxes. Finally, Mu¨ller-Steinhagen and
Heck [1986] model gives the worst predictions at moderate and high vapor qualities by
signiﬁcantly underpredicting the pressure drop.
As previously mentioned, a correlation in the form of the expression determined by
Lockhart and Martinelli [1949] would enable to ﬁt 1-g and μ-g data, and describe the
inﬂuence of the mass ﬂux by using a coeﬃcient C depending on G and g (which may be
done through a Froude number, for example).
Chapter 4. Modelling of ﬂow boiling under microgravity conditions 163
G
=
40
0
G
=
20
0
G
=
10
0
G
=
75
G
=
50
1-
g
μ
-g
1-
g
μ
-g
1-
g
μ
-g
1-
g
μ
-g
1
-g
μ
-g
L
o
ck
h
a
rt
a
n
d
M
a
rt
in
el
li
[1
94
9]
,
tt
ca
se
2
2
.3
1
6
.4
5
.3
1
4
.9
-
-
-
-
-
-
L
o
ck
h
a
rt
a
n
d
M
a
rt
in
el
li
[1
94
9]
,
lt
ca
se
-
-
-
-
2
8
.8
8
.2
2
8
.2
1
1
.0
2
9
.3
3
5
.9
A
w
a
d
a
n
d
M
u
zy
ch
ka
[2
01
0]
1
1
.1
3
6
.7
2
7
.4
1
8
.7
3
5
.7
1
4
.1
3
4
.1
1
3
.4
3
5
.2
2
3
.1
F
ri
ed
el
[1
97
9]
,
1
-g
1
8
.1
6
6
.1
2
0
.3
2
1
.5
1
8
.0
1
6
.7
1
0
.2
5
0
.4
6
.2
8
9
.1
F
ri
ed
el
[1
97
9]
,
μ
-g
1
5
.3
5
6
.3
2
4
.5
1
6
.5
2
6
.0
1
0
.0
1
5
.7
3
5
.5
1
5
.2
7
0
.4
M
u¨
ll
er
-S
te
in
h
a
g
en
an
d
H
ec
k
[1
98
6]
6
6
.7
3
0
.3
7
1
.8
6
4
.8
8
0
.9
6
0
.9
7
4
.7
6
4
.0
7
7
.2
5
9
.3
C
io
n
co
li
n
i
a
n
d
T
h
o
m
e
[2
00
9]
-
-
-
-
-
-
-
-
-
-
T
a
b
l
e
4
.4
:
M
ea
n
a
b
so
lu
te
er
ro
r
(M
A
E
,
in
%
)
b
et
w
ee
n
B
R
A
S
IL
ex
p
er
im
en
ta
l
tw
o
-p
h
a
se
m
u
lt
ip
li
er
an
d
tw
o
-p
h
a
se
m
u
lt
ip
li
er
p
re
d
ic
te
d
b
y
va
ri
o
u
s
co
rr
el
a
ti
o
n
s
an
d
m
o
d
el
s
in
su
b
co
ol
ed
b
o
il
in
g
co
n
d
it
io
n
s
Chapter 4. Modelling of ﬂow boiling under microgravity conditions 164
G
=
40
0
G
=
20
0
G
=
10
0
G
=
75
G
=
50
1-
g
μ
-g
1-
g
μ
-g
1-
g
μ
-g
1-
g
μ
-g
1
-g
μ
-g
L
o
ck
h
a
rt
a
n
d
M
a
rt
in
el
li
[1
94
9]
,
tt
ca
se
1
2
.9
1
9
.1
2
.6
5
.7
1
2
.4
1
5
.9
1
1
.2
3
8
.4
1
5
.3
4
8
.0
L
o
ck
h
a
rt
a
n
d
M
a
rt
in
el
li
[1
94
9]
,
lt
ca
se
8
.9
4
.9
1
8
.5
1
3
.1
2
7
.5
4
.3
2
8
.2
1
2
.6
3
0
.7
2
0
.9
A
w
a
d
a
n
d
M
u
zy
ch
ka
[2
01
0]
1
5
.7
1
4
.3
2
0
.6
1
6
.5
2
9
.9
8
.4
3
3
.2
5
.9
3
4
.1
1
5
.3
F
ri
ed
el
[1
97
9]
,
1
-g
1
2
.5
5
.7
3
0
.5
1
8
.3
2
6
.7
7
.0
1
5
.9
4
3
.0
1
2
.2
6
1
.6
F
ri
ed
el
[1
97
9]
,
μ
-g
1
9
.0
1
4
.2
3
4
.4
2
3
.3
3
1
.1
9
.9
2
2
.4
3
2
.9
1
7
.4
5
1
.7
M
u¨
ll
er
-S
te
in
h
a
g
en
an
d
H
ec
k
[1
98
6]
7
3
.0
7
6
.5
6
0
.5
6
2
.5
6
5
.8
5
6
.5
7
7
.9
6
2
.2
7
0
.9
5
1
.8
C
io
n
co
li
n
i
a
n
d
T
h
o
m
e
[2
00
9]
7
.4
1
6
.2
1
3
.2
1
1
.5
-
-
-
-
-
-
T
a
b
l
e
4
.5
:
M
ea
n
a
b
so
lu
te
er
ro
r
(M
A
E
,
in
%
)
b
et
w
ee
n
B
R
A
S
IL
ex
p
er
im
en
ta
l
tw
o
-p
h
a
se
m
u
lt
ip
li
er
an
d
tw
o
-p
h
a
se
m
u
lt
ip
li
er
p
re
d
ic
te
d
b
y
va
ri
o
u
s
co
rr
el
a
ti
o
n
s
an
d
m
o
d
el
s
in
sa
tu
ra
te
d
b
o
il
in
g
co
n
d
it
io
n
s
Chapter 4. Modelling of ﬂow boiling under microgravity conditions 165
4.3.2 Interfacial shear stress
In saturated boiling corresponding to annular ﬂow, the main features of the liquid ﬁlm
ﬂowing at the wall are controlled by interfacial and wall shear stresses. Modelling the in-
terfacial friction is therefore necessary to apprehend boiling mechanisms in these regimes.
Inﬂuence of liquid entrainement: since the calculation of τi is made using the
momentum balance equation for the vapor phase, the liquid fraction entrained in the
vapor core has to be evaluated. As discussed in previous sections, even if the entrainment
rate e cannot be neglected on all ﬂow parameter ranges, droplet entrainment has almost
no inﬂuence on the liquid ﬁlm thickness.
In the same way, the liquid entrainment does not induce a signiﬁcant change in the
calculations of τi, neither in 1-g nor in μ-g, since the entrained liquid fraction αle that
appears in the calculation of the interfacial shear stress (Equation (1.27)) is very small
compared to α. In the two gravity levels, the diﬀerence in τi between the case with
entrainement and the case without entrainement is lower than 2%, whatever the mass
ﬂux or vapor quality is, which can be neglected since it is signiﬁcantly smaller than the
uncertainty in τi itself.
Comparisons with model: the interfacial shear stress can be plotted according to
diﬀerent ﬂow parameters. Several two-phase correlations provide an expression of the
interfacial friction factor fi according to the liquid ﬁlm thickness δ or void fraction α,
such as the Wallis correlation that is given by:
fi = 0.005 ·
(
1 + 300 · δ
D
)
(4.16)
To provide a better description of interfacial shear stress in annular gas-liquid ﬂow
under microgravity conditions, Bousman and Dukler [1993] proposed a expression of
fi/fv according to the void fraction, fv being the single phase gas ﬂow friction factor
calculated versus Rev = jv.D/νv (Equation (1.41)):
fi
fv
= 211.4− 245.9α (4.17)
However, this linear trend was ﬁtted from experimental data corresponding to annular
and slug-annular ﬂows exhibiting void fraction values between 0.7 and 0.85, and authors
claim it not to be able to predict interfacial shear stress at higher α.
Figure 4.23 presents experimental 1-g and μ-g interfacial shear stress data according to
liquid ﬁlm thickness at various mass ﬂuxes, with comparisons with the correlations of
Wallis [1969] and Bousman and Dukler [1993] (the latter being plotted in its validity
range 0.7 < α < 0.85). In 1-g, the Wallis correlation is not well-suited for the description
of experimental interfacial friction factor, whatever the mass ﬂux is. For this gravity
level, the expression of Bousman and Dukler [1993] provides a good qualitative prediction
of the evolution of fi/fv according to δ on the range of α determined by the authors,
with a good agreement with quantitative values at G = 200 kg.s−1.m−2. This clearly
shows that the ratio fi/fv not only depends on δ but also on the mass ﬂux G. In μ-g,
the Wallis correlation largely overpredicts the experimental values, whatever the mass
ﬂux is. A larger discrepancy with Bousman and Dukler [1993] correlation is observed
compared to 1-g conditions.
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(a) in 1-g
(b) in μ-g
Figure 4.23: Interfacial friction factor for various mass ﬂuxes according to the liquid
ﬁlm thickness - comparisons with two empirical correlations
In Figure 4.24, the experimental values of fi/fv are plotted versus the vapor Reynolds
number Rev based on the superﬁcial vapor velocity and the diameter of the vapor core,
for all investigated mass ﬂuxes under normal gravity and microgravity conditions. In
the two gravity levels, fi/fv is a decreasing power function of Rev. In 1-g, the ratio
fi/fv ∼ Re−1.3v and seems to be almost not impacted by the mass ﬂux at low and
moderate mass ﬂuxes, while in μ-g the power seems to slightly evolve with the mass
ﬂux. The dependency of fi/fv with Rev proves that the turbulent regimes of the vapor
core is not fully rough. Moreover, for a given value of Rev, the dimensionless interfacial
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friction factor is lower in μ-g than in 1-g, with a diﬀerence that increases as the mass
ﬂux decreases.
saut de ligne
(a) in 1-g
(b) in μ-g
Figure 4.24: Interfacial friction factor for various mass ﬂuxes according to the vapor
Reynolds number
saut de ligne
saut de ligne
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Inﬂuence of the gravity level: experimental results highlight the fact that the interfa-
cial shear stress is clearly aﬀected by changes in the gravity level. Ohta [2003] proposed
a correlation to predict the behaviour of the interfacial friction term in microgravity
compared to normal gravity, as presented in Equation (1.83):
fi,1g
fi,μg
= 1 + 0.08 ·
(
1− x
x
)0.9
· Fr−1 (4.18)
According to the authors, the ratio fi,1g/fi,μg depends on the vapor quality x and on
a Froude number Fr calculated with the superﬁcial liquid velocity. This expression is
confronted with experimental data in Figure 4.25. It must be noted that the accuracy
on the friction factor ratios that are plotted here is not as good as on other experimental
results on τi or fi since it requires to ﬁnd 1-g and μ-g runs in the exact same conditions
(of pressure, mass ﬂux, vapor quality...); averaged ratios have been calculated with
experimental points exhibiting diﬀerences Δp < 0.2 bar, ΔG < 10 kg.s−1.m−2 and
Δx < 0.01.
Figure 4.25: Ratio of 1-g interfacial friction factor over μ-g interfacial friction factor
according to vapor quality - comparison with a model proposed by Ohta [2003]
According to Figure 4.25, the correlation proposed by Ohta provides a rather accurate
description of the inﬂuence of microgravity conditions on interfacial friction factor: at
high and moderate mass ﬂuxes, experimental data are in good agreement with the
correlation on the whole range of vapor quality. At low mass ﬂux, Equation (1.83) can
be used to predict fi,1g/fi,μg at high x. However, at these mass ﬂuxes, the model clearly
underpredicts the friction factor ratio near the transition from slug ﬂow (0.13 < x <
0.16). It can nonetheless be stated that the model proposed by Ohta [2003] is well-suited
for describing the inﬂuence of the gravity level on the interfacial shear stress.
Attempt of experimental data ﬁtting: as suggested by Lopez and Dukler [1986],
the dependency on both roughness and Reynolds number is characteristic of a transition
between smooth and fully rough turbulent regimes. For this partly rough turbulent
regime, Fore et al. [2000] proposed a correction of the Wallis correlation introducing a
function of the vapor Reynolds number as 1 + A/Rev.
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Figure 4.26: Attempted ﬁtting of experimental interfacial friction factor in 1-g ac-
cording to the liquid ﬁlm thickness and the vapor Reynolds number
Following this approach, a relation between fi/fv, Rev and δ is proposed. In Figure
4.26, fi/fv is plotted in normal gravity versus (1+ 3.10
5.Re−1.3v )(δ/D)0.1. The power of
the vapor Reynolds number is equal to -1.3, and the power of the dimensionless liquid
ﬁlm thickness is much smaller than in the Wallis correlation. This expression allows to
gather the experimental points around the curve corresponding to Equation (4.19).
Figure 4.27: Comparison between experimental friction factor and predictions
provided by the ﬁtting for various mass ﬂuxes in 1-g
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fi
fv
= 1 + 18.3
[(
1 +
3.105
Re1.3v
)
·
(
δ
D
)0.1
− 0.89
]
(4.19)
In 1-g, Equation (4.19) provides a reasonable prediction of the interfacial friction fractor
at moderate and low mass ﬂuxes on the whole range of vapor quality corresponding to
annular ﬂow, as can be seen from Figure 4.27 with error bars at ± 20%. However, it
overestimates the interfacial shear stress at high G and very high x. For this particular
range of ﬂow parameters, an adjustment of the coeﬃcients is necessary to ﬁt experimental
data.
For the prediction of fi/fv in microgravity, another approach can be chosen: since the
ﬁtting of fi/fv (Equation (4.19)) provides a suitable description of interfacial friction
factors in 1-g and since the model proposed by Ohta (Equation (4.18)) correctly assesses
the inﬂuence of the gravity level on fi, it is possible to determine a general expression of
the dimensionless interfacial friction factor under microgravity conditions by combining
Equations (4.19) and (4.18).
Results of this combination are presented in Figure 4.28, with error bars at ± 20%.
Since the ﬁtting of 1-g values was determined on data corresponding to moderate mass
ﬂuxes at moderate and high x, the combination of the two equations is not in a very
good agreement with data at high mass ﬂuxes and high vapor quality (G = 200 and 400
kg.s−1.m−2 at x > 0.25) or at low mass ﬂux and very high quality (G = 100 kg.s−1.m−2
and x > 0.5). Nevertheless, for intermediate ranges of ﬂow parameters, the prediction
of the correlation is rather good: the predicted dimensionless friction factor at G =
100 kg.s−1.m−2 is in good agreement with experimental values on the whole range of
investigated quality, with a maximal error of 21%.
Figure 4.28: Comparison between experimental friction factor in microgravity and
predictions provided by combining 1-g data ﬁtting and Ohta’s model
saut de ligne
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Evolution of physical quantities: by eliminating the pressure gradient between the
momentum balance equations written for the two phases and neglecting the acceleration
term, a relation between the void fraction, the wall shear stress and the interfacial shear
stress is obtained:
− τw.
√
α+ τi − (ρl − ρv).g.
√
α.(1− α)D
4
= 0 (4.20)
where τw, τi and the gravity acceleration g are positive.
Figure 4.29: Schematic representation of shear stresses and gravity terms in annular
ﬂow
Then, the ﬁrst term of Equation (4.20) is negative, the second one positive and the third
one negative. In vertical upward ﬂow in normal gravity, the interfacial shear stress has
to compensate both gravity and wall shear stress. At high and moderate mass ﬂuxes, τi
is a little bit larger in normal gravity than in microgravity, but this larger value cannot
compensate the gravity term on its own. The ﬁrst term of Equation (4.20) has therefore
to be lower in normal gravity. Since the wall shear stress is about the same in 1-g and
μ-g for these values of G, it means that the void fraction has to be lower and the ﬁlm
thickness larger in 1-g, which is in agreement with experimental results. The evolution
of the shear stresses and void fraction is also consistent at low mass ﬂux: the increase
in τi under normal gravity conditions is associated with a signiﬁcant increase in τw.
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4.4 Heat transfer coeﬃcient
The heat transfer coeﬃcients in saturated and subcooled boiling under normal gravity
and microgravity conditions are deduced from the wall heat ﬂux, and wall and liquid
bulk temperatures. Experimental results presented in the previous chapter are there-
after compared to classical correlations. The respective contributions of convective and
nucleate boiling are discussed along with the inﬂuence of the liquid ﬁlm thickness on
heat transfer coeﬃcients in annular ﬂow.
4.4.1 Comparison with correlations
Some of the correlations used for the prediction of heat transfer coeﬃcient in two-phase
ﬂow are not valid for both subcooled and saturated conditions. These two regions
are therefore considered separately in the next sections, with saturated regimes mostly
corresponding to annular ﬂow. An additional model for the speciﬁc case of annular ﬂow
is also assessed.
The consistency of experimental data with empirical predictions has been evaluated for
ﬁve diﬀerent correlations presented in Chapter 1 or recalled below, i.e. the correlations
of Chen [1966] (Equation (1.69)), Kandlikar [1990] (Equation (1.73)), Kim and Mu-
dawar [2013] (Equation (4.21)), Kew and Cornwell [1997] (Equation (1.77)) and Sun
and Mishima [2009] (Equation (1.76)). The model proposed by Cioncolini and Thome
[2011] for annular ﬂow is also presented.
Figure 4.30: Predictions of heat transfer coeﬃcient according to various empirical
correlations at G = 200 kg.s−1.m−2 and q = 2 W.cm−2
Figures 4.30 and 4.31 show the corresponding predictions of h at q = 2 W.cm−2 for
two diﬀerent mass ﬂuxes G = 200 and 50 kg.s−1.m−2. The Kandlikar correlation always
overpredicts the heat transfer coeﬃcient compared to the four other correlations that are
consistent, especially at high vapor quality and whatever the mass ﬂux is. The diﬀerence
between the model proposed by Cioncolini and Thome [2011] and other correlations
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depends on G: at G = 200 kg.s−1.m−2, it signiﬁcantly overpredicts h at high x compared
to other expressions while it is consistent with predicted values at G = 50 kg.s−1.m−2
for vapor qualities larger than 0.4.
Figure 4.31: Predictions of heat transfer coeﬃcient according to various empirical
correlations at G = 50 kg.s−1.m−2 and q = 2 W.cm−2
Experimental heat transfer coeﬃcients at q = 2 W.cm−2 are plotted according to the
vapor quality with comparisons to the Kim and Mudawar [2013] and Cioncolini and
Thome [2011] correlations, for three diﬀerent mass ﬂuxesG= 200, 100 and 50 kg.s−1.m−2
in normal gravity (Figure 4.32) and microgravity (Figure 4.33).
Figure 4.32: Experimental heat transfer coeﬃcient according to the vapor quality for
three mass ﬂuxes at q = 2 W.cm−2 in 1-g - comparisons with two empirical correlations
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Figure 4.33: Experimental heat transfer coeﬃcient according to the vapor quality for
three mass ﬂuxes at q = 2 W.cm−2 in μ-g - comparisons with two empirical correlations
The inﬂuence of mass ﬂux or gravity level on h has already been discussed in Chapter
3. In order to evaluate the consistency of predictions with experimental data, each
correlation is studied separetely since the gravity level, mass ﬂux, wall heat ﬂux or
saturated / subcooled conditions strongly impact the heat transfer coeﬃcient, as shown
in Figures 4.32 and 4.33.
4.4.2 Contributions of nucleate and convective boiling
Among the investigated correlations, both Chen and Kim and Mudawar correlations
express the heat transfer coeﬃcient h as a combination of a nucleate boiling term and a
convective boiling term, referred to as hnb and hcb, respectively. Since the contributions
of these terms have been a bit discussed in the presentation of experimental results, it
is interesting to compare their evolution.
The calculations have been made with the relation proposed by Kim and Mudawar
[2013] because it results in a better agreement with experimental data than the Chen
correlation. Corresponding expression is recalled in Equation (4.21):
h =
√
h2nb + h
2
cb
hnb = hl.
[
2345.Bo0.7.
p
pcrit
0.38
.(1− x)−0.51
]
hcb = hl.
[
5.2Bo0.08.We−0.54lo + 3.5 ·
(
1
X
)0.94
·
(
ρv
ρl
)0.25] (4.21)
Figure 4.34 shows the total heat transfer coeﬃcient and the convective and nucleate boil-
ing contributions calculated with this empirical correlation for values of vapor quality,
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(a) G = 200 kg.s−1.m−2
(b) G = 50 kg.s−1.m−2
Figure 4.34: Contributions of nucleate and convective boiling in the calculations of
the heat transfer coeﬃcient as proposed by Kim and Mudawar [2013], according to
vapor quality, for two mass ﬂuxes and two wall heat ﬂuxes, in 1-g
velocity and ﬂux corresponding to experimental runs in normal gravity (points corre-
sponding to microgravity conditions are not reported in the graphic; they exhibit the
exact same trend than 1-g data since the correlation does not depend on the gravity
level). Limit behaviours are illustrated with two diﬀerent mass ﬂuxes (G = 200 and 50
kg.s−1.m−2) and two wall heat ﬂuxes for each G (q = 1 and 3.5 W.cm−2).
saut de ligne
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Despite the fact that the boiling number Bo appears in hcb, the convective term of h is
almost independent of the wall heat ﬂux q. It increases with the mass ﬂux, and with the
vapor quality. The ﬁrst term in the bracket in the expression of hcb remains small for the
low Boiling numbers of BRASIL experiments; plus, the power on the Boiling number
is low (0.08). Opposite trends are observed for the nucleate boiling term: dependency
with q, decrease with x and no impact of G.
At G = 200 kg.s−1.m−2, the nucleate boiling contribution is clearly dominant in h in
subcooled regimes, at any wall heat ﬂux. Despite the strong increase of the convective
term with the vapor quality, nucleate boiling is still the main heat transfer mode in
saturated regimes at high quality for q = 3.5 W.cm−2, according to the correlation.
However, at q = 1 W.cm−2, the increase of hcb and the decrease of hnb makes the
two terms equivalent at moderate x. And for this heat ﬂux, the convective boiling
contribution prevails over the nucleate one at high vapor quality. For the two values of
q, the combination of the nucleate and convective terms corresponds to an increase of
the heat transfer coeﬃcient with the vapor quality.
At G = 50 kg.s−1.m−2, hnb is the same than at G = 200 kg.s−1.m−2, but the convective
term is much smaller (except at very low vapor quality). As a result, the convective
boiling contribution is never more important than the one of nucleate boiling. At q =
3.5 W.cm−2, hnb is more than two times larger than hcb at very high quality. At q =
1 W.cm−2, the two terms are equivalent at high vapor quality. Combining hnb and hcb
leads to a heat transfer coeﬃcient that is almost constant on the whole range of x.
The general evolution of the terms due to the two heat transfer modes is in rather good
agreement with the observations made on experimental results. However, the contri-
bution of the nucleate boiling term seems to be a bit overpredicted by the correlation
proposed by Kim and Mudawar [2013], as discussed thereafter.
4.4.3 Subcooled boiling
Subcooled regimes mostly correspond to bubbly ﬂows, and transition and slug ﬂows.
The correlations proposed by Chen [1966] and Kim and Mudawar [2013] can be used to
predict the heat transfer coeﬃcient in subcooled conditions since they evaluate a con-
vective boiling and a nucleate boiling term, the latter being dominant in these regimes.
The Sun and Mishima [2009] expression of h can also be plotted in this region since it
is an empirical correlation independent of x, based on experimental conditions where
nucleate boiling is predominant.
Figures 4.35, 4.36 and 4.37 show experimental data compared to heat transfer coeﬃcients
predicted by these three correlations, under normal gravity and microgravity conditions,
with error bars at ± 50%. More detailed results can be found in Table 4.6 that presents
the mean absolute error between experiment and predictions for each mass ﬂux and each
gravity level. In this table, the correlation that suits the best hmeas is indicated in bold,
in blue for 1-g data and in purple for μ-g data.
In subcooled conditions, the correlation proposed by Kim and Mudawar [2013] provides
the best description of the heat transfer coeﬃcient, both under normal gravity and
microgravity conditions and for all investigated mass ﬂuxes. The Sun and Mishima
[2009] expression gives similar predicted values, which is consistent with the fact that
nucleate boiling is predominant at these vapor qualities and that the latter correlation
was developed for this kind of regimes.
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(a) in 1-g
(b) in μ-g
Figure 4.35: Comparison of measured heat transfer coeﬃcient and predicted heat
transfer coeﬃcient in subcooled boiling using a correlation proposed by Chen [1966]
Chapter 4. Modelling of ﬂow boiling under microgravity conditions 178
(a) in 1-g
(b) in μ-g
Figure 4.36: Comparison of measured heat transfer coeﬃcient and predicted heat
transfer coeﬃcient in subcooled boiling using a correlation
proposed by Kim and Mudawar [2013]
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(a) in 1-g
(b) in μ-g
Figure 4.37: Comparison of measured heat transfer coeﬃcient and predicted heat
transfer coeﬃcient in subcooled boiling using a correlation
proposed by Sun and Mishima [2009]
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Nevertheless, the Kim and Mudawar correlation always overpredicts the heat transfer
coeﬃcient. In 1-g, the overestimation amounts to 15 to 25% while predicted h are 30
to 70% larger than experimental data in μ-g. This is due to the fact that heat transfer
coeﬃcients in microgravity are signiﬁcantly lower than in normal gravity in subcooled
conditions: in μ-g, bubble diameter at detachment is larger for G < 400 kg.s−1.m−2
and the frequency of bubble formation is lower. The relative motion of bubble is also
smaller than in 1-g, which could explain lower values of h. Since the model used by
Kim and Mudawar establishes that nucleate boiling controls the heat transfer coeﬃcient
in subcooled regimes (especially at high wall heat ﬂux), it can be deduced than the
calculation of hnb presented in Equation (4.21) corresponds to overestimated values. A
correction factor may be added in order to reduce the contribution of nucleate boiling.
4.4.4 Saturated boiling
Some correlations relevant for the prediction of heat transfer coeﬃcient in saturated
boiling involve both convective boiling and nucleate boiling heat transfer (such as Sun
and Mishima [2009], Kew and Cornwell [1997], Kim and Mudawar [2013], Chen [1966],
Kandlikar [1990]). Other correlations (Cioncolini and Thome [2011]) only consider the
heat transfered by evaporation through the turbulent liquid ﬁlm in annular ﬂow.
Heat transfer with convective and nucleate boiling: in Figures 4.38 to 4.42, the
heat transfer coeﬃcient predicted by the ﬁrst kind of correlations is plotted according
to experimental data, with various error bars. A summary with MAE by mass ﬂux and
gravity level is given in Table 4.7. In this table, the correlation that suits the best hmeas
is indicated in bold, in blue for 1-g data and in purple for μ-g data.
High mass ﬂuxes: at the highest mass ﬂux value (G = 400 kg.s−1.m−2), the Kandlikar
correlation can be used to predict h in 1-g. However, it clearly overestimates the heat
transfer coeﬃcient at lower values of G. On the contrary, the Kim and Mudawar cor-
relation strongly underestimates h at G = 200 and 400 kg.s−1.m−2, especially at high
vapor quality, which may lead to assume that the contribution of the convective term is
underpredicted by the expression of Equation (4.21).
Moderate and low mass ﬂuxes: at G = 100, 75 and 50 kg.s−1.m−2, the contribution of
the nucleate boiling is signiﬁcant even in saturated conditions. The correlations that
assess the hnb term are therefore more relevant to describe the heat transfer coeﬃcient
at these values of G, as can be seen in Table 4.7. 1-g experimental data are in good
agreement with the correlations given by Kim and Mudawar [2013] and Sun and Mishima
[2009] at moderate and low mass ﬂuxes, except at very high quality where diﬀerences of
about 25% are observed. The Chen correlation gives similar results. The overestimation
of h is a bit more consequent in microgravity (since smaller heat transfer coeﬃcient are
exhibited for these mass ﬂuxes in μ-g on the whole range of vapor quality).
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(a) in 1-g
(b) in μ-g
Figure 4.38: Comparison of measured heat transfer coeﬃcient and predicted heat
transfer coeﬃcient in saturated boiling using a correlation
proposed by Chen [1966]
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(a) in 1-g
(b) in μ-g
Figure 4.39: Comparison of measured heat transfer coeﬃcient and predicted heat
transfer coeﬃcient in saturated boiling using a correlation
proposed by Kim and Mudawar [2013]
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(a) in 1-g
(b) in μ-g
Figure 4.40: Comparison of measured heat transfer coeﬃcient and predicted heat
transfer coeﬃcient in saturated boiling using a correlation
proposed by Kandlikar [1990]
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(a) in 1-g
(b) in μ-g
Figure 4.41: Comparison of measured heat transfer coeﬃcient and predicted heat
transfer coeﬃcient in saturated boiling using a correlation
proposed by Kew and Cornwell [1997]
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(a) in 1-g
(b) in μ-g
Figure 4.42: Comparison of measured heat transfer coeﬃcient and predicted heat
transfer coeﬃcient in saturated boiling using a correlation
proposed by Sun and Mishima [2009]
Chapter 4. Modelling of ﬂow boiling under microgravity conditions 187
Heat transfer by evaporation through the liquid ﬁlm in annular ﬂow: the
annular ﬂow model developed by Cioncolini and Thome [2011] includes a correlation for
the prediction of the heat transfer coeﬃcient according to the liquid ﬁlm thickness and
the wall shear stress, as presented in Chapter 1:
h =
λl
δ
0.0776.(δ+)0.9.P r0.52 with δ+ =
δ
y∗
=
δ.u∗
νl
for 10 < δ+ < 800 and 0.86 < Pr < 6.1
(4.22)
Figure 4.43 presents the heat transfer coeﬃcient calculated with the values of δ and u∗
predicted by the correlations in Cioncolini and Thome annular ﬂow model, under normal
gravity and microgravity conditions, while experimental values of δ and τw are used to
plot h in Figure 4.44 (MAE presented in Table 4.7 are calculated with the expression of
h of the model and the experimental values of ﬁlm thickness and wall shear stress).
In Figures 4.43(a) and 4.43(b), the agreement on heat transfer coeﬃcient is better than
30% on most of the experimental points for 1-g data at high mass ﬂux, despite the large
discrepancy between the model and data on ﬁlm thickness in normal gravity. It may be
explained by the small dependency of h to the liquid ﬁlm thickness in Equation (4.22):
h ∼ δ0.1.
For calculations using experimental values of δ and u∗ (Figures 4.44(a) and 4.44(b), heat
transfer data are less scattered than with the complete model of Cioncolini and Thome
[2011], both under normal gravity and microgravity conditions. Despite an overpredic-
tion of about 20% in 1-g, the agreement between the model and the experiments in 1-g
and μ-g is rather good.
An explanation for the low sensitivity of the heat transfer coeﬃcient to gravity can be
found by looking at the velocity proﬁles provided by Cioncolini for thick turbulent liquid
ﬁlms: both temperature and velocity gradients are concentrated near the wall on a range
of dimensionless distance from the wall 0 < y+ < 30. Yet experimental dimensionless
liquid ﬁlm thickness in 1-g for G > 100 kg.s−1.m−2 correspond to δ+ > 55.
It can therefore be assumed that a change in the ﬁlm thickness due to changes in the
gravity level does not consequently aﬀect the velocity and temperature proﬁles near the
wall as long as the liquid ﬁlm is thick enough (δ+ > 30). This could explain the low
sensitivity ∼ δ0.1 in the modelling of heat transfer coeﬃcient for G > 100 kg.s−1.m−2.
Furthermore, for G = 400 and 200 kg.s−1.m−2, the wall shear stress is almost not aﬀected
by gravity; thus, no eﬀect of the gravity level on heat transfer is expected.
Conclusion on heat transfer correlations: comparisons with empirical correlations
have shown that various expressions can be used depending on the ﬂow parameters.
However, the correlation proposed by Kim and Mudawar [2013] is interesting because it
assesses both nucleate and convective boiling contributions. It may be adjusted in order
to ﬁt BRASIL experimental heat transfer coeﬃcient in normal gravity: by using an
enhancement factor for hcb and a suppression factor for hnb (as in the Chen correlation),
it may be possible to ﬁt 1-g data on the whole range of ﬂow parameters. The inﬂuence
of the gravity level on each term would then be assessable.
At high mass ﬂuxes and qualities, when the heat transfer is mainly due to evaporation
through the liquid ﬁlm, Cioncolini and Thome [2011] correlation is well adapted. Nev-
ertheless, the modelling of the wall friction that appears in Equation (4.22) has to be
improved.
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(a) in 1-g
(b) in μ-g
Figure 4.43: Experimental heat transfer coeﬃcient compared with the correlation of
Cioncolini and Thome [2011] using liquid ﬁlm thickness and wall shear stress values
from their model, for turbulent liquid ﬁlms
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(a) in 1-g
(b) in μ-g
Figure 4.44: Experimental heat transfer coeﬃcient compared with the correlation of
Cioncolini and Thome [2011] using liquid ﬁlm thickness and wall shear stress values
from BRASIL experiments, for turbulent liquid ﬁlms
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Conclusion
saut de ligne
Experimental results obtained in normal gravity and microgravity have been com-
pared to classical correlations of the literature in order to provide a preliminary
modelling of ﬂow pattern transitions, void fraction and ﬁlm thickness, wall and
interfacial shear stresses, and heat transfer coeﬃcients.
Flow pattern maps show that transitions between ﬂow patterns occur at a constant
value of vapor quality. A transition criteria based on a critical value of α is
therefore the most relevant criteria to predict ﬂow regimes. The transition from
bubbly to slug ﬂows is well described by a semi-empirical drift-ﬂux model with a
distribution coeﬃcient C0  1.25 considering that coalescence is limited, while the
transition from slug to annular ﬂows is also in good agreement with the critical
value of α predicted for gas-liquid ﬂows.
Thus, the same drift-ﬂux model is used to predict the void fraction in subcooled
boiling. In saturated regimes, the void fraction tends to be overestimated by the
correlations in normal gravity, whereas microgravity data are in rather good agree-
ment with the correlation developed by Cioncolini and Thome in turbulent annular
ﬂows (since α is larger in microgravity than in normal gravity). Similar observa-
tions can be made on the evolution of the liquid ﬁlm thickness in annular ﬂows.
Wall shear stress data are compared with classical correlations which show that
the two-phase multiplier is well predicted by an expression like the one established
by Lockhart and Martinelli according to the Martinelli parameter, with potential
adjustments of the coeﬃcient to account for the inﬂuence of the mass ﬂux and
/ or the gravity level. The interfacial shear stress is not well described by usual
correlations. However, a combination of a preliminary ﬁtting characteristic of a
transition from smooth to fully rough ﬂow in normal gravity and the correlation
established by Ohta to assess the inﬂuence of gravity on the interfacial friction
factor allows to propose an expression to predict fi with a reasonable agreement in
microgravity.
Comparisons of heat transfer coeﬃcient data with empirical correlations highlight
the fact that the expressions which assess the respective contributions of nucleate
and convective boiling provide a rather good description of h on the whole range of
ﬂow parameters. Additional adjustments may allow to balance the two terms and
ﬁt experimental measurements. The correlation of Cioncolini and Thome for heat
transfer by evaporation through a turbulent liquid ﬁlm is in good agreement with
experimental data in both normal gravity and microgravity at high mass ﬂuxes and
high qualities.
The comparisons drawn with empirical correlations and the observations made on
the modelling of ﬂow boiling in normal gravity and microgravity are summarised
in the section ”Conclusions and Perspectives”.

Conclusions and Perspectives
This section provides a concise overview of the main observations and results ob-
tained during this PhD work that consisted in an experimental investigation of
upward ﬂow boiling of HFE-7000 in a 6mm ID heated tube under normal gravity
and microgravity conditions. Recommendations and relevant perspectives for the
continuation of this project are put forward in the last part.
saut de ligne
saut de ligne
Synthesis
saut de ligne
Objective of the thesis and experimental facility
Despite the fact that it is of great interest for space applications, the inﬂuence of
the gravity level (and especially of near-weightlessness conditions) on ﬂow boil-
ing mechanisms is almost not assessed in fundamental research, mostly due to
practical diﬃculties. Indeed, a brief state-of-the-art review points out the lack of
experimental data on ﬂow boiling under microgravity conditions. Moreover, the
few available datasets are not always consistent, and they generally focus on the
study of ﬂow patterns or heat transfer coeﬃcients only.
In order to ﬁll the gap observed in the literature and to provide a more global de-
scription of ﬂow boiling under microgravity conditions, a new experimental set-up
called BRASIL was built at the Institute of Fluid Mechanics of Toulouse (IMFT)
to investigate ﬂow boiling of HFE-7000 in a 6mm ID vertical sapphire tube coated
with ITO and heated by Joule eﬀect. This test section and an additional adia-
batic section were instrumented with temperature and pressure sensors, a camera
and speciﬁcally designed void fraction probes to characterise ﬂow patterns, void
fraction, wall and interfacial shear stresses, and heat transfer coeﬃcients.
A wide range of ﬂow parameters was investigated: the values of vapor quality cover
subcooled and saturated boiling regimes, while set mass ﬂuxes corresponds to both
laminar and turbulent behaviours of liquid and vapor phases. However, the chosen
wall heat ﬂuxes remain small: critical heat ﬂux issues are not addressed in this
thesis. Experimental data under microgravity conditions were acquired during
three parabolic ﬂight campaigns, each campaign providing 93 parabolas with a
22s microgravity phase. Measurements in laboratory were performed to complete
BRASIL database with parametric runs.
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Flow patterns
Three main ﬂow patterns are observed in upward ﬂow boiling below the critical
heat ﬂux: bubbly ﬂows, transition ﬂows including slug and churn ﬂows, and an-
nular ﬂows. The same types of regimes are observed under normal gravity and
microgravity conditions. For mass ﬂuxes lower than 400 kg.s−1.m−2, the diﬀerence
between the two gravity levels is visible on the shape and size of bubbles (that
are bigger and more spherical in microgravity) in bubbly ﬂows, whereas ﬂow visu-
alisations in transition and annular ﬂow regimes do not exhibit changes with the
gravity.
Despite the fact that coalescence phenomenon seems to be enhanced in micrograv-
ity, it is hardly possible to assess the inﬂuence of the gravity level on the transition
between ﬂow patterns, because the identiﬁcation of transition ﬂows is very sub-
jective. Flow patterns maps plotted versus superﬁcial liquid and vapor velocities
therefore shows similar transitions between ﬂow patterns in normal gravity and
microgravity. These transitions occur at constant vapor quality (i.e. constant void
fraction), at x  0.05 (α  0.7) for the transition from bubbly to slug ﬂows, and
at x  0.13 (α  0.8) for the one from slug to annular ﬂows. The ﬁrst transition
is rather well described by a semi-empirical drift-ﬂux model with a distribution
coeﬃcient C0  1.25 [Colin et al., 1996], while the latter one is in good agreement
with the prediction of Dukler et al. [1988].
The ﬂow pattern map in microgravity is consistent with the few experimental
points that were reported in similar conditions for ﬂow boiling of refrigerants
during parabolic ﬂight campaigns.
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Void fraction and liquid ﬁlm thickness
New capacitance probes were designed to acquire void fraction data. This physical
value is rarely reported in two-phase ﬂow experiments under microgravity condi-
tions, which explains a lack of results characterising the interfacial shear stress, for
example. Measurements point out that the void fraction is a strong function of the
vapor quality, but it is also inﬂuenced by the mass ﬂux. Comparisons drawn be-
tween normal gravity and microgravity conditions show a signiﬁcant diﬀerence in
the void fraction depending on the gravity level, with larger values of void fraction
in microgravity.
In subcooled regimes, a semi-empirical drift-ﬂux model provides a reasonable de-
scription of the void fraction, as mentioned in the ﬂow pattern section. In satu-
rated boiling, the few assessed correlations tend to overestimate the void fraction
in normal gravity. However, microgravity data for turbulent ﬂow are in rather
good agreement with the correlation developed by Cioncolini and Thome [2011]
in their model of annular ﬂow with evaporation through the liquid ﬁlm, since the
void fraction is larger than in normal gravity.
In the speciﬁc case of annular ﬂow, a liquid ﬁlm thickness can be calculated from
the void fraction and the diameter of the tube (the entrainment and deposition
of liquid droplets in the vapor core do almost not aﬀect the calculations of the
ﬁlm thickness). Thicker liquid ﬁlms are consequently observed in normal gravity
compared to microgravity, on the whole range of vapor quality or mass ﬂux, and
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similar comparisons as for the void fraction are drawn with Cioncolini and Thome
[2011] model in turbulent ﬂows: in normal gravity, the liquid ﬁlm is thicker than
expected from the correlation, but experimental points in microgravity are in good
agreement with predicted values.
Designing and adding void fraction probes in a new experimental facility was the
subject of a collaboration with the University of Maryland. A common parabolic
ﬂight campaign provided similar results on void fraction and liquid ﬁlm thickness
for ﬂow boiling of HFE-7100.
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Wall and interfacial shear stresses
Measurements of pressure drops were performed on an adiabatic section at the
outlet of the sapphire tube. In microgravity, these measurements are enough
to calculate the wall shear stress, whereas the void fraction is needed in normal
gravity to express the frictional pressure gradient. Experimental results show that
the inﬂuence of the gravity level on the wall shear stress depends on the mass
ﬂux: at high mass ﬂux, there is no clear diﬀerence between normal gravity and
microgravity data. On the contrary, for moderate and low values of mass ﬂux, the
wall shear stress is signiﬁcantly lower than in normal gravity.
Comparison with classical correlations point out that experimental values of the
two-phase multiplier is well predicted by an expression like the one established
by Lockhart and Martinelli [1949] that distinguish turbulent and laminar ﬂows.
An adjustment may be done to better ﬁt BRASIL data by using a coeﬃcient
accounting for the mass ﬂux and / or the gravity level, through a Froude number,
for example.
In the case of annular ﬂows, the interfacial shear stress is calculated using pressure
drop and void fraction data. As for the liquid ﬁlm thickness, the interfacial friction
factor is almost not inﬂuenced by the rate of liquid entrainment in the vapor core.
On the whole range of mass ﬂux, the interfacial shear stress is signiﬁcantly lower
in microgravity than in normal gravity.
The correlations that are usually compared to microgravity data do not provide
a suitable description of the interfacial shear stress, whatever the gravity level.
However, the dependency on the mass ﬂux highlights the fact the interfacial friction
factor does not only depend on the ﬁlm thickness but also on the vapor Reynolds
number, which is characteristic of a transition between smooth and fully rough
turbulent regimes. According to this observation, a preliminary ﬁtting written
according to the ﬁlm thickness and the vapor Reynolds number at the power -
1.3 is proposed for normal gravity data. Combined with the model developed by
Ohta [2003] that provides a reasonable prediction of the interfacial friction factor
in microgravity compared to normal gravity, it allows to obtain an expression for
the prediction of interfacial shear stress under microgravity conditions.
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Heat transfer coeﬃcients
Heat transfer coeﬃcients are calculated according to the outer wall temperature
and the liquid bulk temperature on various locations along the sapphire tube.
Experimental data show that the mass and wall heat ﬂuxes play an important
role in heat transfers, whatever the gravity level is. The dependency on the wall
heat ﬂux highlights the important contribution of nucleate boiling in subcooled
regimes and in saturated boiling at low mass ﬂux, whereas saturated ﬂows at high
mass ﬂux or very high vapor quality are controlled by convective boiling.
The inﬂuence of the gravity level changes according to the dominant heat transfer
mode: in subcooled regimes and saturated regimes at low mass ﬂux, where nucleate
boiling prevails, the heat transfer coeﬃcient is lower in microgravity than in normal
gravity, due to larger bubble diameter at detachment and smaller relative motion
of bubbles in microgravity. However, in the regions driven by forced convection,
there is no cleear diﬀerence on the heat transfer coeﬃcient between the two gravity
levels. This observation has been already made in the literature for microgravity
datasets where experimental conditions were clearly speciﬁed.
Comparisons with empirical correlations from the literature show that various ex-
pressions can be used to predict the heat transfer coeﬃcient depending on the ﬂow
parameters. Nevertheless, correlations that assess both nucleate and convective
boiling contributions such as the correlation of Kim and Mudawar [2013] may pro-
vide a reasonable description of the heat transfer coeﬃcient on the whole range of
ﬂow parameters with adjustments to balance the two terms and ﬁt BRASIL data.
The correlation proposed by Cioncolini and Thome [2011] to predict heat transfer
coeﬃcient in their turbulent annular ﬂow model highlights a small dependency
of the heat transfer coeﬃcient on the liquid ﬁlm thickness. This low sensitivity
may be explained by the fact that the liquid ﬁlm thickness is much larger than
the distance from the wall where both temperature and velocity gradients are
concentrated. As a result, a variation in the ﬁlm thickness due to changes in the
gravity level is not expected to induce changes in the heat transfer coeﬃcient in
saturated boiling at high mass ﬂux. The correlation is able to predict with a good
agreement the heat transfer due to liquid ﬁlm evaporation in both normal gravity
and microgravity providing that a relevant modelling of the friction velocity has
been used.
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Perspectives
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Flow boiling mechanisms are complex and require the investigation of numerous
physical values for their description. Unfortunately, the study of this phenomenon
is even more complicated under microgravity conditions due to limitations in ex-
perimental apparatuses and available points related to parabolic ﬂight campaigns.
For that reason, further experiments are needed to complete the analysis and
modelling of ﬂow boiling under microgravity conditions. For future work on the
subject, priority should be given to:
− complete the database in microgravity: additional points are needed to
conﬁrm experimental trends and calculations made in this thesis. Moreover, a
more complete database is required to properly model experimental results. The
main regions of interest have already been distinguished in this work, they only
need to be further investigated.
− improve measurements techniques: the transition between two parabolic
ﬂight campaigns represents an opportunity to further improve the measurements
techniques that are often limited due to the restrictions in the design of the ex-
periment. In particular, the capacitance probes can easily be modiﬁed to provide
better sensitivity and acquisition frequency. The ﬁxation of the platinium probes
on the outer surface of the sapphire tube can also be changed to improve the
measurements of heat transfer coeﬃcients.
− process camera images: the use of ﬂow visualisations is not limited to the
identiﬁcation of ﬂow patterns. Better settings and new data reduction protocols
would allow to process experimental data on bubble velocity (that could be cor-
related to void fraction or vapor quality) or on waves frequency.
− complete the preliminary modelling of ﬂow boiling: with additional
experimental points to better describe void fraction, heat transfer coeﬃcient, wall
and interfacial shear stress, it would be possible to propose a more general and
complete model of ﬂow boiling, both in normal gravity and microgravity.
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Cette section re´sume de manie`re concise les principaux re´sultats et observations obtenus
lors de cette the`se qui consistait en l’e´tude expe´rimentale de l’e´bullition convective de
HFE-7000 dans un tube vertical et chauﬀe´ de 6 millime`tres de diame`tre inte´rieur,
dans des conditions de gravite´ normale et de microgravite´. Les recommandations et
perspectives relatives a` la poursuite de ce projet sont expose´es dans la dernie`re partie.
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Synthe`se
saut de ligne
Objectif de la the`se et installation expe´rimentale
Malgre´ le fait que cela soit d’un grand inte´reˆt pour de potentielles applications dans le
domaine spatial, l’inﬂuence de la gravite´ (et tout particulie`re des conditions d’apesanteur
presque totales) sur les me´canismes de l’e´bullition convective est tre`s peu e´value´e dans
les travaux de recherche fondamentale, principalement a` cause de diﬃculte´s tech-
niques. En eﬀet, un rapide e´tat de l’art met en e´vidence un manque de donne´es
expe´rimentales concernant l’e´bullition convective en microgravite´. De plus, les quelques
jeux de donne´es de´ja` existants ne s’accordent pas toujours sur les tendances ge´ne´rales
de´gage´es, et la plupart du temps, ils ne traitent que d’un aspect du proble`me, comme
les re´gimes d’e´coulement ou les coeﬃcients d’e´change de chaleur.
Aﬁn de pallier cette insuﬃsance de re´sultats dans la litte´rature et de fournir une descrip-
tion plus ge´ne´rale de l’e´bullition convective en microgravite´, un nouveau banc d’essai a
e´te´ dimensionne´ et construit a` l’IMFT (Institut de Me´canique des Fluides de Toulouse)
pour permettre l’e´tude de l’e´bullition convective de HFE-7000 dans un tube de saphir
vertical, recouvert d’un de´poˆt d’ITO et chauﬀe´ par eﬀet Joule. Cette section d’essai
et une portion supple´mentaire de tube correspondant a` des conditions d’adiabaticite´
ont e´te´ instrumente´es avec des capteurs de tempe´rature, de pression et de taux de
vide, ainsi qu’avec une came´ra rapide, aﬁn de caracte´riser les re´gimes d’e´coulement,
le taux de vide, les frottements parie´taux et interfaciaux, et les coeﬃcients d’e´change
de chaleur.
Une large gamme de parame`tres d’e´coulement a e´te´ parcourue lors des expe´riences :
les valeurs de titre massique en vapeur couvrent les re´gimes d’e´bullition sous-refroidie
et d’e´bullition sature´e, tandis que les ﬂux de masse choisis correspondent a` la fois a`
des comportements laminaires et turbulents des phases liquide et vapeur. Toutefois,
les ﬂux de chaleur applique´s en paroi restent faibles : les proble`mes de ﬂux critique
ne sont pas aborde´s dans cette the`se. Les donne´es expe´rimentales en microgravite´
ont e´te´ obtenues lors de trois campagnes de vol paraboliques qui assurent chacune
93 paraboles correspondant a` une phase de microgravite´ de 22s. Des mesures en
laboratoire ont e´te´ re´alise´es aﬁn de comple´ter les donne´es fournies par BRASIL avec
des essais parame´triques.
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Re´gimes d’e´coulement
Trois principaux re´gimes d’e´coulement sont observe´s en e´bullition convective ascen-
dante en-dessous du ﬂux critique: e´coulements a` bulles, e´coulements de transition
incluant les e´coulements a` poches-bouchons et les e´coulements churn, et e´coulements
annulaires. Les meˆmes types de re´gimes sont observe´s dans des conditions de gravite´
normale et de microgravite´. Pour des ﬂux de masse infe´rieurs a` 400 kg.s−1.m−2, la
diﬀe´rence entre les deux niveaux de gravite´ est visible sur la taille et la forme des bulles
(qui sont plus grosses et plus sphe´riques en microgravite´) en e´coulements a` bulles, alors
que les visualisations d’e´coulement en e´coulement de transition et e´coulements annu-
laires ne sont pas distinctement aﬀecte´es par la gravite´.
Bien que le phe´nome`ne de coalescence semble eˆtre stimule´ en microgravite´, il est
diﬃcile d’e´valuer l’inﬂuence du niveau de gravite´ sur les transitions entre re´gimes
d’e´coulement, car l’identiﬁcation des re´gimes de transition est un processus tre`s sub-
jectif. Les cartes de conﬁguration d’e´coulements trace´es en fonction des vitesses su-
perﬁcielles de la vapeur et du liquide montrent donc des transitions similaires en gravite´
normale et en microgravite´. Ces transitions se font a` titre constant (c’est-a`-dire a` taux
de vide constant), a` x  0,05 (α  0,7) pour la transition des e´coulements a` bulles
vers les e´coulements a` poches-bouchons, et a` x  0,13 (α  0,8) pour la transi-
tion des e´coulements a` poches-bouchons vers les e´coulements annulaires. La premie`re
transition est plutoˆt bien de´crite par un mode`le semi-empirique a` ﬂux de de´rive, avec
un coeﬃcient de re´partition de phase C0  1,25 Colin et al. [1996], tandis que la
deuxie`me transition est en accord avec la pre´diction de Dukler et al. [1988].
La carte de conﬁguration d’e´coulements en microgravite´ est cohe´rente avec les quelques
points expe´rimentaux rapporte´s dans des conditions similaires pour l’e´bullition de
re´frige´rants durant des campagnes de vols paraboliques.
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Taux de vide et e´paisseur de ﬁlm liquide
De nouvelles sondes capacitives ont e´te´ construites aﬁn de re´aliser des mesures de taux
de vide. Cette grandeur est rarement renseigne´e dans les expe´riences en e´coulement
diphasiques dans des conditions de microgravite´, ce qui explique en partie le manque
de re´sultats pour la caracte´risation du frottement interfacial, par exemple. Les mesures
montrent que le taux de vide est fonction du titre massique en vapeur mais qu’il est
e´galement inﬂuence´ par le ﬂux de masse. Les comparaisons entre gravite´ normale et
microgravite´ montrent une diﬀe´rence signiﬁcative sur le taux de vide selon le niveau
de gravite´, avec des valeurs de taux de vide plus importantes en microgravite´.
Pour les re´gimes sous-refroidis, un mode`le semi-empirique a` ﬂux de de´rive permet de
de´crire raisonnablement bien le taux de vide, comme mentionne´ dans la section sur
les re´gimes d’e´coulement. En e´bullition sature´e, les quelques corre´lations e´value´es
tendent a` surestimer le taux de vide en gravite´ normale. Cependant, les donne´es en
microgravite´ pour des e´coulements turbulents sont en bon accord avec la corre´lation
de´veloppe´e par Cioncolini and Thome [2011] dans leur mode`le d’e´coulement annulaire
avec e´vaporation a` travers le ﬁlm liquide, puisque le taux de vide est plus important
en microgravite´.
Chapter 4. Modelling of ﬂow boiling under microgravity conditions 200
Dans le cas particulier des e´coulements annulaires, une e´paisseur de ﬁlm liquide peut
eˆtre calcule´e a` partir du taux de vide et du diame`tre du tube (l’arrachage et la
rede´position de gouttelettes n’aﬀectent presque pas les calculs d’e´paisseur de ﬁlm),
ce qui re´sulte en l’observation de ﬁlms liquides plus e´pais en gravite´ normale, compare´
aux conditions de microgravite´, sur toute la gamme de titre et de de´bits. Des remar-
ques similaires a` celles pour le taux de vide peuvent eˆtre faites quant aux comparaisons
avec le mode`le de Cioncolini and Thome [2011] en e´coulement turbulent : en gravite´
normale, le ﬁlm de liquide est plus e´pais que ce que pre´dit la corre´lation, alors que les
points en microgravite´ sont en bon accord avec les valeurs pre´dites.
Le dimensionnement et l’ajout de sondes de taux de vide sur une nouvelle installation
expe´rimentale a e´te´ le sujet d’une collaboration avec l’Universite´ du Maryland. Une
campagne de vols paraboliques commune a permis d’obtenir des re´sultats similaires
a` ceux fournis par BRASIL sur le taux de vide et les e´paisseurs de ﬁlm liquide pour
l’e´bullition convective de HFE-7100.
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Frottements parie´taux et interfaciaux
Des mesures de pertes de pression ont e´te´ re´alise´es sur une section adiabatique a` la
sortie du tube de saphir. En microgravite´, cette grandeur est suﬃsante pour calculer
le frottement parie´tal, alors que le taux de vide est ne´cessaire en gravite´ normale pour
exprimer la perte de pression par frottement. Les re´sultats expe´rimentaux montrent
que l’inﬂuence du niveau de gravite´ sur le frottement parie´tal varie selon le ﬂux de
masse : a` haut de´bit, il n’y a aucune diﬀe´rence signiﬁcative entre les donne´es en
gravite´ normale et en microgravite´. Au contraire, pour des valeurs de ﬂux de masse
faibles ou mode´re´es, le frottement parie´tal est clairement plus faible en microgravite´.
Des comparaisons avec les corre´lations de la litte´rature classiquement utilise´es montrent
que le multiplicateur diphasique est bien pre´dit par une expression du type de celle
e´tablie par Lockhart and Martinelli [1949] qui distingue les e´coulements laminaires des
e´coulements turbulents. Ne´anmoins, l’utilisation d’un coeﬃcient prenant en compte
l’inﬂuence du ﬂux de masse et / ou de la gravite´ (a` travers un nombre de Froude, par
exemple) permettrait de mieux aprocher les donne´es expe´rimentales.
Dans le cas des e´coulements annulaires, le frottement interfacial est calcule´ a` partir
des mesures de pertes de pression et de taux de vide. Comme pour l’e´paisseur de ﬁlm
liquide, le frottement interfacial est tre`s peu impacte´ par l’arrachage liquide dans le
cœur de vapeur. Sur toute la gamme de ﬂux de masse, le frottement interfacial est
signiﬁcativement plus petit en microgravite´, compare´ a` la gravite´ normale.
Les corre´lations qui sont usuellement utilise´es pour des comparaisons aux donne´es
en microgravite´ ne permettent pas de pre´dire correctement le frottement interfacial,
quelque soit le niveau de gravite´. En eﬀet, la de´pendance au ﬂux de masse met en
lumie`re le fait que le coeﬃcient de frottement interfacial ne de´pend pas seulement de
l’e´paisseur de ﬁlm, mais e´galement d’un nombre de Reynolds vapeur, ce qui est car-
acte´ristique d’une transition entre e´coulement lisse et e´coulement pleinement rugueux.
Un lissage pre´liminaire est donc propose´ pour pre´dire les donne´es en gravite´ normale en
fonction de l’e´paisseur de ﬁlm et d’un nombre de Reynolds a` la puissance -1,3. Combine´
a` la corre´lation propose´e par Ohta [2003] qui de´crit raisonnablement bien l’inﬂuence
de la gravite´ sur le coeﬃcient de frottement interfacial, il est possible d’obtenir une
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expression pour la pre´diction du frottement interfacial dans des conditions de micro-
gravite´.
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Coeﬃcient d’e´change de chaleur
Les coeﬃcients d’e´change de chaleur sont calcule´s a` partir des mesures de temperature
de la paroi externe du tube de saphir et de tempe´rature du liquide dans l’e´coulement,
en diverses positions le long de la section d’essai chauﬀe´e. Les donne´es expe´rimentales
montrent que les ﬂux de masse et de chaleur jouent un roˆle important dans les transferts
de chaleur, quelque soit le niveau de gravite´. La de´pendance en ﬂux parie´tal met en
e´vidence l’importance de la contribution de l’e´bullition nucle´e´e en re´gimes sous-refroidis
et en re´gimes-sature´s a` faible de´bit, alors que les e´coulements sature´s a` fort titre et /
ou fort de´bit sont controˆle´s par l’e´bullition convective.
L’inﬂuence du niveau de gravite´ sur le coeﬃcient d’e´change de chaleur change selon
le mode dominant de transfert de chaleur : lorsque l’e´bullition nucle´e´e pre´vaut, le
coeﬃcient d’e´change de chaleur est plus faible en microgravite´ qu’en gravite´ normale,
a` cause d’un diame`tre plus large au de´tachement et d’une plus petite vitesse relative
des bulles en microgravite´. Cependant, dans les re´gions domine´es par l’e´bullition
convective, il n’y a pas de diﬀe´rence visible sur le coeﬃcient d’e´change de chaleur selon
les niveaux de gravite´. Ces observations avaient de´ja` e´te´ faites dans la litte´rature pour
des se´ries de mesures pour lesquelles les conditions expe´rimentales e´taient clairement
spe´ciﬁe´es.
Les comparaisons avec les corre´lations empiriques de la litte´rature montrent que diﬀe´rentes
expressions peuvent eˆtre utilise´es en fonction des parame`tres d’e´coulement conside´re´s.
Ne´anmoins, les corre´lations qui e´valuent les contributions respectives de l’e´bullition
nucle´e´e et de l’e´bullition convective, telles que la corre´lation de Kim and Mudawar
[2013], peuvent fournir une bonne description du coeﬃcient d’e´change de chaleur sur
la gamme comple`te de parame`tres e´tudie´s, avec des ajustements destine´s a` e´quilibrer
les deux termes pour mieux approcher les donne´es de BRASIL.
La corre´lation propose´e par Cioncolini and Thome [2011] pour pre´dire le coeﬃcient
d’e´change de chaleur dans leur mode`le d’e´coulement annulaire turbulent met en e´vidence
une faible de´pendance du coeﬃcient d’e´change a` l’e´paisseur de ﬁlm liquide. Cette faible
sensibilite´ peut eˆtre explique´e par le fait que le ﬁlm liquide est bien plus e´pais que la
zone proche de la paroi dans laquelle sont concentre´s les gradients de vitesse et de
tempe´rature. En conse´quence, une diminution de l’e´paisseur de ﬁlm due aux condi-
tions de microgravite´ n’inﬂue pas sur le coeﬃcient d’e´change de chaleur en re´gime
sature´ a` haut ﬂux, tant que le ﬁlm reste assez e´pais. La corre´lation de Cioncolini and
Thome permet donc de pre´dire avec un bon accord le coeﬃcient d’e´change de chaleur
en gravite´ normale et en microgravite´, a` condition d’utiliser un mode`le pertinent pour
la vitesse de frottement.
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Perspectives
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Les me´canismes de l’e´bullition convective sont complexes et requie`rent une e´tude ap-
profondie de diﬀe´rentes grandeurs physiques en fonction de nombreux parame`tres.
Malheureusement, cette e´tude est encore plus complique´e a` re´aliser pour des condi-
tions de microgravite´ a` cause des restrictions au niveau de l’installation expe´rimentale
et du nombre limite´ de points de mesure, tout ceci e´tant lie´ a` la tenue des cam-
pagnes de vols paraboliques. Pour cette raison, des expe´riences supple´mentaires sont
ne´cessaires, aﬁn de comple`te l’analyse et la mode´lisation de l’e´bullition convective dans
des conditions de microgravite´. Pour de futurs travaux sur le sujet, la priorite´ devrait
eˆtre donne´e a` :
− comple´ter les se´ries de mesures en microgravite´ : des points supple´mentaires
sont ne´cessaires pour conﬁrmer les tendances expe´rimentales et les calculs re´alise´s dans
cette the`se. De plus, une base de donne´es plus comple`te est requise pour correctement
mode´liser les re´sultats obtenus. Les principales re´gions d’inte´reˆt ont de´ja` e´te´ de´gage´es
lors de ce travail, il reste surtout a` comple´ter cette e´tude.
− ame´liorer les techniques de mesure : la pe´riode de transition entre deux cam-
pagnes de vols paraboliques repre´sente une opportunite´ d’ame´liorer les techniques de
mesure qui sont souvent sujettes a` restrictions. En particulier, le dessin actuel des
sondes capacitives pour la mesure de taux de vide peut facilement eˆtre modiﬁe´ pour
fournir une meilleure dynamique du signal et une meilleure fre´quence d’acquisition. De
meˆme, la me´thode de ﬁxation des sondes platine a` la surface du tube de saphir peut
eˆtre change´e pour ame´liorer les mesures de coeﬃcients d’e´change de chaleur.
− traiter les images de la came´ra rapide : l’utilisation des vide´os d’e´coulement
ne se limite pas a` l’identiﬁcation des re´gimes d’e´coulement. De meilleurs re´glages
et de nouveaux protocoles de traitement de donne´es utilisant les images de la came´ra
rapide permettraient d’obtenir des re´sultats expe´rimentaux sur la vitesse des bulles (qui
est corre´le´e au taux de vide ou au titre) ou la fre´quence des vagues en e´coulements
annulaires.
− comple´ter les mode´lisations pre´liminaires de l’e´bullition convective : avec
des points expe´rimentaux supple´mentaires pour mieux caracte´riser le taux de vide, les
coeﬃcients d’e´change de chaleur et les frottements parie´taux et interfaciaux, il serait
possible de proposer une mode´lisation plus comple`te et plus ge´ne´rale des me´canismes
de l’e´bullition convective dans des conditions de gravite´ normale et de microgravite´.
Appendix A
Validyne calibration curves
Figure A.1: Calibration curves for diﬀerential pressure transducers
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Appendix B
Selected publications
A journal publication and a conference item are presented in this Appendix.
The paper article was published in the International Journal of Multiphase Flow (IJMF)
[Narcy et al., 2014]. It deals with experimental results obtained during the parabolic
ﬂight campaign of April 2012 and the corresponding preliminary data reduction.
The conference item was written in collaboration with Scammell and Kim from the
University of Maryland following the common parabolic ﬂight campaign of March 2013,
and can be found in the proceedings of the 15th International Heat Transfer Conference
(IHTC).
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a b s t r a c t
Forced convective boiling experiments of HFE-7000 were conducted in earth gravity and under micro-
gravity conditions. The experiment mainly consists in the study of a two-phase ﬂow through a 6 mm
diameter sapphire tube uniformly heated by an ITO coating. The parameters of the hydraulic system
are set by the conditioning system and measurements of pressure drops, void fraction and wall temper-
atures are provided. High-speed movies of the ﬂow were also taken. The data were collected in normal
gravity and during a series of parabolic trajectories ﬂown onboard an airplane. Flow visualisations, tem-
perature and pressure measurements are analysed to obtain ﬂow pattern, heat transfer and wall friction
data.
 2013 Elsevier Ltd. All rights reserved.
1. Introduction
Two-phase thermal systems are broadly used in various indus-
trial applications and engineering ﬁelds. Flow boiling heat transfer
is common in power plants (energy production or conversion),
transport of cryogenic liquids and other chemical or petrochemical
processes. Thus, the understanding of boiling mechanisms is of
importance for accidental off-design situations. These systems take
advantage of latent heat transportation, which generally enables a
good efﬁciency in heat exchanges. For that reason, two-phase ther-
mal management systems are considered as extremely beneﬁcial
for space applications. Indeed, in satellites or space-platforms,
the major thermal problem is currently to remove the heat gener-
ated by devices from the inside into space, in order to ensure
suitable environmental and working conditions. Moreover, the
growing interest for space applications such as communication
satellites and the increasing power requirements of on-board
devices require sophisticated management systems capable to deal
with larger heat loads. Since the heat transfer capacity associated
with phase change is typically large and with a relatively little
increase in temperature, this solution could mean decreased size
and weight of thermal systems. But boiling is a complex phenom-
enon which combines heat and mass transfers, hydrodynamics and
interfacial phenomena. Furthermore, gravity affects the ﬂuid
dynamics and may lead to unpredictable performances of thermal
management systems. It is thus necessary to perform experiments
directly in (near) weightless environments. Besides the ISS,
microgravity conditions can be simulated by means of a drop-
tower, parabolic ﬂights on board an aircraft or a sounding-rocket.
Although ﬂow boiling is of great interest for space applications
under microgravity conditions, few experiments have been con-
ducted in low gravity. These experiments provided a partial under-
standing of boiling phenomena and have been mostly performed
for engineering purposes such as the evaluation of ISS (‘‘Interna-
tional Space Station’’) hardware or two-phase loop stability. More-
over, ﬂow boiling heat transfer experiments in microgravity
(referred to as l g) require large heat loads and available space.
They are subject to severe restrictions in the test apparatus, do not
last long and offer few opportunities to repeat measurements,
which could explain the lack of data and of coherence between
existing measurements. Nevertheless, several two-phase ﬂow
(gas–liquid ﬂow and boiling ﬂow) experiments have been con-
ducted in the past forty years and enabled to gather data about
ﬂow patterns, pressure drops, heat transfers including critical heat
ﬂux and void fraction in thermohydraulic systems. Previous state
of the art and data can be found in the papers of Colin et al.
(1996), Ohta (2003), and Celata and Zummo (2009). Several studies
have been carried out under microgravity conditions in order to
classify adiabatic two-phase ﬂows by various patterns through
observation and visualisations of the ﬂow. Various ﬂow patterns
have been identiﬁed at different superﬁcial velocities of liquid
jland gas jg , for both adiabatic gas–liquid ﬂows and boiling ﬂows:
bubbly ﬂow, slug ﬂow and annular ﬂow. Transitions between these
ﬂow patterns have been studied too: transition between bubbly
and slug ﬂow, and transition between slug and annular ﬂow or
frothy slug-annular ﬂow. The determination of these transitions
is of importance because the wall friction and wall heat transfer
are very sensitive to the ﬂow pattern. Colin et al. (1991) and Dukler
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et al. (1988) drew a map based on void fraction transition criteria
to predict patterns in liquid–gas ﬂows. These patterns were also
observed in ﬂow boiling for heat transfer below the critical heat
ﬂux by Ohta (2003), Reinarts (1993) and more recently by Celata
and Zummo (2009). The transition between bubbly and slug ﬂows
occurs from coalescence mechanisms. Coalescence can be pro-
moted or inhibited depending on the value of the Ohnesorge num-
ber. A general ﬂow pattern map for bubbly and slug ﬂows based on
the value of the Oh number was proposed by Colin et al. (1996) for
air–water ﬂow and also for boiling refrigerants. The Ohnesorge
number Oh ¼ ðqm2=rDÞ1=2 is based on the pipe diameter D and
on the ﬂuid properties: m; q; r, the kinematic viscosity, density
and surface tension of the liquid, respectively. A criterion based
on the Ohnesorge number was also established by Jayawardena
et al. (1997). The transition between slug and annular ﬂows has
also been investigated by several authors, who proposed criteria
based on transition void fraction value as Dukler et al. (1988), crit-
ical value of a vapour Weber number as Zhao and Rezkallah (1993),
balance between gas inertia and surface tension according to
Reinarts (1993) and Zhao and Hu (2000).
The estimation of cross-sectional averaged void fraction a or
mean gas velocity Ug is a key-point for the calculation of wall
and interfacial frictions. It has been shown that the mean gas
velocity Ug ¼ jg=a is well predicted by a drift ﬂux model
Ug ¼ C0  j for bubbly and slug ﬂow (Dukler et al., 1988), j ¼ jl þ jg
being the mixture velocity and C0 a coefﬁcient depending on the
local void fraction and gas velocity distributions. Very few experi-
mental data on ﬁlm thickness in microgravity is available, and only
for gas–liquid annular ﬂows (Bousman et al., 1996; de Jong and
Gabriel, 2003). Different experimental technics have been used to
determine the cross-sectional averaged void fraction: capacitance
probes (Elkow and Rezkallah, 1997), conductance probes (Colin
et al., 1991) and optical techniques.
Regarding the measurements of the wall shear stress, most of
the studies performed under microgravity conditions concern
gas–liquid ﬂow without phase change (Zhao and Rezkallah,
1995; Colin and Fabre, 1995; Colin et al., 1996). Some results also
exist for liquid–vapour ﬂow (Chen et al., 1991), but in an adiabatic
test section. The frictional pressure drop has been compared (Zhao
and Rezkallah, 1995; Chen et al., 1991) to different empirical mod-
els (homogeneous model, Lockhart and Martinelli’s model Lockhart
and Martinelli, 1949). Recently, Awad and Muzychka (2010) and
Fang et al. (2012) proposed a modiﬁed expression of the correla-
tion of Lockhart and Martinelli and found good agreement with
the experimental data. Very few studies reported data on the inter-
facial shear stress in annular ﬂow (Dukler et al., 1988). This can be
explained by the difﬁculty of measuring simultaneously pressure
drops and ﬁlm thickness.
Little research on ﬂow boiling heat transfer in microgravity has
been conducted, mainly because of the restrictive experimental
conditions. Lui et al. (1994) carried out heat transfer experiments
in subcooled ﬂow boiling with R113 through a tubular test Sec-
tion (12 mm internal diameter, 914.4 mm length). Heat transfer
coefﬁcients were approximately 5–20% higher in microgravity,
generally increasing with higher qualities, which was believed to
be caused by the greater movement of vapour bubbles on the hea-
ter surface. Ohta (1997, 2003) studied ﬂow boiling of R113 in a
8 mm internal diameter vertical transparent tube, internally
coated with a gold ﬁlm, both on ground and during parabolic ﬂight
campaigns, and for the preparation of a future experiment on
board the International Space Station. The authors examined vari-
ous ﬂow patterns and the inﬂuence of gravity levels on heat trans-
fer coefﬁcients for ﬂow boiling. They found that, in bubbly ﬂow,
heat transfer is similar in normal and microgravity conditions,
despite different bubble sizes at low mass ﬂuxes. In annular ﬂow,
heat transfer coefﬁcients are smaller in microgravity at low heat
ﬂux. The difference in the heat transfer coefﬁcient in annular ﬂow
between normal and microgravity conditions disappears at high
ﬂux in the nucleate boiling regime. Celata and Zummo (2009) per-
formed subcooled ﬂow boiling experiments with FC-72 in Pyrex
tubes (2, 4 and 6 mm internal diameters). They found that in bub-
bly and slug ﬂow the inﬂuence of gravity is not evident for liquid
velocities larger than 0.25 m/s or qualities larger than 0.3. Recently,
a new technique for the measurement of heat transfer distribu-
tions has also been developed by Kim et al. (2012). They used an
IR camera to determine the temperature distribution within a mul-
tilayer consisting of a silicon substrate coated with a thin insulator.
They have not quantiﬁed the difference between microgravity and
normal gravity yet. No clear conclusion on the inﬂuence of the
buoyancy force on the heat transfer can be pointed out from these
experiments. It seems to be strongly dependent on the mass ﬂux
and quality values. Work is still needed to conﬁrm and give coher-
ence to the previous results of the literature on ﬂow boiling and to
compare the data sets obtained by the different authors.
The objective of the present work is to collect, analyse and com-
pare ﬂow boiling data in normal gravity and under microgravity
conditions. A refrigerant circulates in a heated tube of 6 mm inner
diameter coated by a conductive ﬁlm heated by the Joule effect. Its
outer diameter is 8 mm. Flow patterns, void fraction, ﬁlm thick-
ness, wall and interfacial shear stresses, and heat transfer are
investigated. This paper presents the main results of the measure-
ment campaigns. The ﬁrst section describes the experimental
apparatus and the measurement techniques. The data reduction
to obtain the mass quality, gas velocity, wall shear stress and heat
transfer coefﬁcient is described in a second section. Finally the
experimental results obtained in l g and 1 g experiments are
presented and discussed.
2. Experimental set-up and measurement techniques
2.1. Hydraulic loop
The experimental set-up used to study vapour-liquid ﬂows in
1 g and l g mainly consists of a hydraulic loop represented
in Fig. 1. In this pressurised circuit, the working ﬂuid is the refrig-
erant 1-methoxyheptaﬂuoropropane (C3F7OCH3), commonly
referred to as HFE-7000. This ﬂuid has been chosen for safety rea-
sons due to restrictions in l g experiments and because of its low
saturation temperature at atmospheric pressure (34 C at 1 bar),
and its low latent heat of vapourization (142 kJ/kg against
2257 kJ/kg for water). In the circuit, the HFE-7000 may be in a
liquid or a liquid–vapour state depending on the portion of the
hydraulic loop, but it is never in a pure vapour state. The
HFE-7000 is ﬁrst pumped at liquid state by a gear pump while
the liquid ﬂow rate is measured by a Coriolis ﬂowmeter. Then
the ﬂuid circulates through two serial preheaters. Its temperature
can be adjusted below the saturation temperature (subcooled
conditions) or the ﬂuid can be preheated to its boiling point and
partially vapourised (saturated conditions). It then enters a
22 cm long vertical stainless steel tube just upstream the test
section, which enables the ﬂow to fully develop. In the test section,
the HFE-7000 (upward ﬂow) is further vapourised in a sapphire
tube heated by Joule effect through an outside ITO coating. The
ﬂuid exiting the test section is then condensed and cooled 10 C
below its saturation temperature by four cold plates containing
Peltier modules and fans before it enters the pump again. The pres-
sure is adjusted in the circuit via a volume compensator, whose
bellows can be pressurised by air.
The loop pressure is set from 1 to 2 bars and the ﬂuid circulates
with mass ﬂuxes G between 100 and 1200 kg/m2/s. A wide range of
ﬂow boiling regimes is studied, from subcooled ﬂow boiling to
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saturated ﬂow boiling, by adjusting the power input of the heaters
(vapour mass qualities x up to 0.8) and the power through the ITO
coating (wall heat ﬂux qow up to 4.5 W/cm
2). The total vapour qual-
ity at the outlet of the test section can be set up to 0.9.
The test section mainly consists of a 20 cm long sapphire tube
with a 6 mm inner diameter D and a 1 mm thickness. The outer
surface is coated on a length of 16.4 cm with ITO, an electrical con-
ductive and transparent coating that enables a uniformly heating
by Joule effect and a visual display of the ﬂow.
2.2. Measurement technique
Various measurement instruments provide experimental data
for the calculation of the wall shear stress, heat transfer coefﬁcient,
gas velocity or ﬁlm thickness.
2.2.1. Pressure drop
Two P305D Valydine differential pressure transducers (to cross-
check) measure the pressure drops along an adiabatic section of
20 cm long at the outlet of the test section (see Fig. 1), with a pre-
cision of 0.5 mbar; they are calibrated at IMFT using two manom-
eters with different ranges.
2.2.2. Absolute pressure
Two Omega pressure transmitters 24 V DC are used to calculate
the saturation temperature at the inlet and outlet of the sapphire
tube. No differential pressure measurement is performed on this
section.
2.2.3. Temperature
Type K thermocouples measure the ﬂow temperature at the test
section inlet and outlet, with a precision of 0:2 C. Two type T
thermocouples are also used to measure the temperature
difference between a hot junction and a cold junction located at
the inlet and outlet of the test section, respectively. This differen-
tial thermocouple allows a very accurate measurement of the ﬂuid
temperature difference between both ends of the sapphire tube.
Pt100 probes measure the ambient temperature and the external
surface temperature of the sapphire tube at four different positions
(at a distance of 45, 73, 106, 133 mm from the beginning of the
heated length), with a precision of 0:1 C. We used Pt100 probes
that are speciﬁcally designed for wall temperature measurements.
They are ﬂat and mechanically squeezed against the ITO coating by
an O-ring in order to reduce thermal resistance. The measurement
technique for the heat ﬂux is validated in single-phase ﬂow by
comparison of the measurements with classical correlations in
the next section. Both thermocouples and Pt100 probes are cali-
brated using a silicone oil bath and a reference Pt100 probe
(0:01 C with calibration certiﬁcate).
2.2.4. Flow visualisations
A high-speed camera PCO 1200 HS with the associated back-
light provides movies of the ﬂow through the transparent ITO coat-
ing on the sapphire tube. The camera ﬁeld of view is
1000 ⁄ 350 pixels2 and the acquisition frequency is 1000 or 1500
images per second depending on the ﬂow regime. The spatial res-
olution of the images is 33.3 pixels/mm. Only a short length of
30 mm is imaged by the camera. It is located between the 2nd
and 3rd Pt100 probes.
2.2.5. Void fraction
Speciﬁc void fraction probes were designed and built at IMFT to
provide accurate data of the volume fraction of the vapour phase at
the inlet and outlet of the test section. These sensors are made of
two copper electrodes (and four guard electrodes) of around 1
Fig. 1. Experimental set-up.
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cm2 placed on both sides of the two-phase ﬂow as can be seen in
Fig. 2a.
The capacitance measured between the electrodes depends on
the permittivity of the considered volume and can be related to
the void fraction after calibration. Liquid HFE-7000 and Teﬂon
rods whose permittivity is close to the one of HFE-7000 vapour
are used to mimic the annular ﬂow conﬁguration for the calibra-
tion. For each void fraction value, the reduced capacitance
C ¼ ðC  CvÞ=ðCl  CvÞ is measured and plotted on a calibration
curve (Fig. 2b). C; Cv and Cl are the measured capacitance for the
liquid–vapour mixture, for the vapour alone and for the liquid
alone, respectively. The geometry of the sensor has been designed
to minimise the sensitivity of the measurement to the void fraction
distribution and thus to the ﬂow pattern. Nevertheless a direct cal-
ibration measuring the bubble velocities from image processing is
recommended for bubbly ﬂows. A numerical model of capacitances
in series and parallel has also been developed to combine both ﬂow
regimes in a single calibration curve (Fig. 2b). The signal sensibility
(corresponding to the capacitance difference between liquid state
and vapour state Cl  Cv) is around 0.3 pF. The accuracy on the
measurement is 0.001 pF, which gives an uncertainty less than
1% on the capacitance data. The uncertainty on the void fraction it-
self depends on the precision of the calibration and is estimated at
2%.
The acquisition system consists of a 36 channels National
Instrument deck, two laptops with LabVIEW interfaces and a com-
puter for the acquisition of camera images using Cameware
software.
2.3. Measurement campaigns
Experiments were conducted both on ground and under micro-
gravity conditions. A near-weightless situation is simulated during
a parabolic ﬂight campaign which consists of three ﬂights with 31
parabolas per ﬂight. Each parabola provides up to 22 s of micro-
gravity with a gravity level smaller than 0:03 g, with
g ¼ 9:81 m/s2. Parabolic ﬂight campaigns are the only sub-orbital
opportunity for experimenters to work directly on their experi-
mental apparatus under microgravity conditions without too
severe restrictions on the size of their set-up and the available
power on board. Two parabolic ﬂight campaigns (May 2011 and
April 2012) provided data for the results presented in this article.
The liquid mass ﬂux is imposed by a gear pump. During one
parabola, the gravity level drastically changes between
1 g; 1:8 g and l g, leading to pressure variations in the test
section. Since no PID regulation of the rotating speed of the pump
was used, a variation of the mass ﬂux was observed between the
different phases of a parabola. The mass ﬂux is steady during
1 g phases between two parabolas (G =100, 200 or 400 kg/s/
m2), but it drops a little bit during the 1:8 g period and then in-
creases in microgravity (as can be seen in Fig. 3). This is the reason
why experimental points do not exactly ﬁt the G isocurves on the
ﬂow pattern map in microgravity. Nevertheless, after a short tran-
sient period, the ﬂow rate stabilises in microgravity and a steady
state is reached.
During the on-ground measurement campaign, relevant parab-
olas were reproduced in order to compare data obtained in normal
gravity and under microgravity conditions. A series of parametric
runs has also been conducted to complete the dataset.
3. Data reduction
In the next sections, the experimental results on wall and inter-
facial shear stresses, quality, vapour velocity, ﬁlm thickness and
heat transfer coefﬁcients will be presented. These values are
deduced from the measurements of wall and liquid temperatures,
heat ﬂux, pressure drop and void fraction by using mass, momen-
tum and enthalpy balance equations, which are detailed in this
section. The measurement techniques are validated in single-phase
ﬂow by comparison of the experimental results with classical
correlations of the literature.
3.1. Wall friction
The momentum balance equation for the liquid–vapour mix-
ture in steady state enables to write the wall friction along a heated
test section according to the pressure drop, the void fraction, the
mass ﬂux and the vapour quality:
dP
dz
¼ 4
D
sw  ddz
G2x2
qva
þ G
2ð1 xÞ2
qlð1 aÞ
" #
 g qvaþ qlð1 aÞ
  ð1Þ
where P; G; x; a; g; ql; qv are the pressure, mass ﬂux, quality,
void fraction, acceleration of gravity, density of liquid and vapour,
respectively. sw is the wall friction, which is negative. The second
term of the Right Hand Side (RHS) is an acceleration term, that
has to be taken into account when quality and void fraction evolve
along the test section. Since the pressure drop measurements were
performed along an adiabatic test section in our experiment, this
term is equal to zero. The last term of the RHS is the hydrostatic
Fig. 2. Void fraction probe.
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pressure gradient that is negligible in microgravity. On ground, in
upward ﬂow, this last term is dominant, thus the accuracy of the
wall shear stress measurement is directly linked to the accuracy
of the void fraction measurement itself. An averaged value of the
wall shear stress is deduced from the pressure drop and void frac-
tion measurements by integration of Eq. (1). Measurements for sin-
gle-phase liquid ﬂows have enabled to validate the measurement
technique by comparing the data to Blasius’s correlation:
fw ¼ sw
1=2qlj
2
l
¼ 0:079Re0:25 ð2Þ
where Re is the Reynolds number of the liquid ﬂow. Fig. 4 shows the
measurements obtained with the two differential transducers for
single-phase liquid ﬂows at various mass ﬂuxes and Blasius’s corre-
lation. The dashed lines correspond to Blasius’s correlation at 10%.
The agreement is good considering that the measurement range of
the transducers is adapted to two-phase ﬂow with much larger
pressure drops.
3.2. Wall heat transfer
The heat transfer coefﬁcient is measured at the inner wall of the
sapphire tube. A cross-section of the sapphire tube is represented
in Fig. 5. Tiw and Tow are the inner and outer temperatures of the
sapphire tube wall, respectively. Te1 is the temperature of the
ambient air far from the tube (measured by a Pt100 probe) and
Ti1; is the liquid bulk temperature in the tube. Tin and Tout are
the liquid bulk temperatures at the inlet and outlet of the sapphire
tube. The inner and outer radii of the sapphire tube are denoted by
Ri and Ro, respectively. The sapphire thermal conductivity is
denoted by k and is equal to 22 W/m/K. The ITO coating on the
external surface of the test section provides a heat ﬂux qow. The
heat ﬂux qiw delivered to the ﬂuid is considered as equal to qow
corrected by the radii ratio Ro=Ri. The heat transfer between the
ﬂow and the internal wall of the sapphire tube is characterised
by the heat transfer coefﬁcient hi. The heat transfer between the
environment and the external wall of the sapphire tube (thermal
losses) is characterised by the heat transfer coefﬁcient he.
In order to estimate the heat transfer coefﬁcient at the inner
wall hi the following hypotheses are made: (1) temperature pro-
ﬁles are axisymmetric. (2) axial conduction is neglected. (3) heat
transfer by radiation is neglected.
By using a conduction equation, the temperature at the inner
wall Tiw can be deduced from the measurements of the tempera-
ture at the outer wall Tow and the heat ﬂux qow applied by Joule
effect through the ITO coating:
Tow  Tiw ¼ qow  heðTow  TewÞ½   ln
Ro
Ri
 
 Ro
k
ð3Þ
The temperature Tow is measured by the previously described
Pt100 probes. The heat transfer coefﬁcient at the inner wall hi
and the Nusselt number Nu ¼ 2hiRi=kl (kl being the thermal con-
ductivity of the liquid) is deduced from an energy balance through
the tube:
hi  ðTiw  Ti1Þ ¼ RoRi qow  heðTow  Te1½ Þ ð4Þ
Fig. 3. Pressure and mass ﬂux evolutions during one parabola.
Fig. 4. Wall friction coefﬁcient and Blasius correlation in single-phase ﬂow.
Fig. 5. Scheme of the heated test section.
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The temperature evolution between Tin and Tout can be consid-
ered as linear or parabolic, which enables to calculate Ti1 all along
the sapphire tube. A series of experiments has been conducted in
order to evaluate the thermal losses given by the coefﬁcient he.
In particular, it can be locally estimated in normal gravity with
the local measurement of Tow and the measurement of Te1 for
single or two-phase ﬂow without heating by using a known corre-
lation to estimate hi. In this conﬁguration, thermal losses have
been estimated for single and two-phase ﬂows with different
correlations. The maximal heat transfer coefﬁcient he that was
obtained in normal gravity represents 6% of heat transfer coefﬁ-
cient hi. Experiments with single-phase ﬂows characterised by very
low mass ﬂuxes G and high temperatures have allowed us to con-
clude through a global energy balance about the nature of thermal
losses that are considered as negligible. In order to validate the
heat transfer measurements, experiments are performed in sin-
gle-phase ﬂow and the results are compared to the classical corre-
lations in the literature. It is important to notice that the heated
length is short and the heat transfer regime is not fully established.
Then the entrance effect correction has to be taken into account in
order to compare measurements and correlations. For a fully devel-
oped turbulent single-phase ﬂow, the Nusselt number Nu1 can be
calculated with Gnielinski’s correlation (5) (Gnielinski, 1976) valid
for fully developed turbulent ﬂow in a wide range of Reynolds
numbers 2500 < Re < 5:106 and Prandtl numbers 0:5 < Pr < 2000:
Nu1 ¼ ðfw=2Þ  ðRe 1000Þ  Pr
1þ 12:7ðfw=2Þ1=2  ðPr2=3  1Þ
ð5Þ
where fw is the wall friction coefﬁcient. In Fig. 6a the measured val-
ues of the Nusselt number Num ¼ hi  D=k are plotted versus the Rey-
nolds number. Since the ﬂow is not thermally developed, these
values of the Nusselt number are larger than the values measured
in thermally developed ﬂow Nu1. The deviation from the correla-
tion is in inverse proportion to the distance between the tempera-
ture sensors and the inlet of the heated section. In order to
compare the measurements with the preceding correlations, the
measured values of the Nusselt number have been corrected by
the entrance effect using Al-Arabi’s correlation (Al-Arabi, 1982):
Num
Nu1
¼ 1þ
ðz=DÞ0:1
Pr1=6
ð0:68þ 3000
Re0:81
Þ
z=D
ð6Þ
Fig. 6b shows the measurements corrected with Al-Arabi’s
correlation according to the sensor position z and the comparison
to Gnielinski’s correlation. The experimental data meet the
correlations with a maximal error of 17%. The precision between
measurements and correlations is satisfying for the whole set of
experiments in single-phase ﬂow. It also conﬁrms the weak impact
of external thermal heat losses on the measurements.
3.3. Vapour quality
The vapour quality can be calculated by using the enthalpy bal-
ance equation in steady state. qiw is the inner wall heat ﬂux deliv-
ered to the ﬂuid and it will be noted q in the following. D is the
inner diameter of the sapphire tube, z is the distance from the inlet
of the heated test section, x is the quality at z; x0 is the quality at
z ¼ 0. The enthalpy balance equation can be written versus the
enthalpies of the liquid phase hl and the vapour phase at saturation
temperature hv ;sat:
4qz
D
¼ Gð xhv ;satðzÞ þ ð1 xÞhlðzÞ½ 
 x0hv;satð0Þ þ ð1 x0Þhlð0Þ½ Þ ð7Þ
The pressure drop along the test section is low then it does not
induce a signiﬁcant change of the saturation temperature and ﬂuid
properties, which will be considered as constant between 0 and z.
For saturated boiling regimes, the liquid temperature Tl is equal to
the saturation temperature Tsat . The local mass quality x at a dis-
tance z from the inlet of the heated section is equal to:
x ¼ x0 þ 4z  qG  D  hlv ð8Þ
where hlv is the latent heat of vapourisation, x0 is the quality at the
inlet of the test section, equal to the quality at the outlet of the pre-
heater and calculated from an enthalpy balance in the preheaters.
For subcooled boiling regimes, x0 ¼ 0; Tl is smaller than Tsat and
the vapour temperature is assumed to be equal to the saturation
temperature. The quality xðzÞ can be deduced from Eq. (7):
xðzÞ ¼
4qz
GD  hlðzÞ  hlð0Þ½ 
hlv þ hl;satðzÞ  hlðzÞ ¼
4qz
GD  CplðTlðzÞ  Tlð0ÞÞ
hlv þ CplðTsat  TlðzÞÞ ð9Þ
where Cpl is the speciﬁc heat of the liquid at constant pressure. The
wall heat ﬂux leads to an increase of the total enthalpy of the mix-
ture, both by phase change and by increasing the liquid tempera-
ture. The ﬂuid temperature is measured at the inlet and outlet of
the test section and the temperature evolution between these two
points is considered as linear or parabolic. Note that in Eq. (9), qual-
ity x is not the thermodynamical quality. The calculation of vapour
quality in subcooled boiling is tricky because of the order of
magnitude of x and of measurement uncertainties. We can deﬁne
Fig. 6. Nusselt number versus Reynolds number in single-phase ﬂow.
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measurement errors Dq ¼ 1000 W/m2 on the measured wall heat
ﬂux and DTl ¼ 0:2 K on the measured liquid temperature. Measure-
ment errors on mass ﬂux G, and geometrical and physical properties
are neglected. The error on the vapour quality is 2  103, which is
the order of magnitude of x itself for subcooled regimes at low va-
pour qualities. This error was conﬁrmed by an analysis of ﬂow vid-
eos that compared the mean bubble velocity measured from image
processing and those calculated using the void fraction and the
quality values.
4. Results and discussion
Experimental results concerning ﬂow regimes, void fraction,
ﬁlm thickness, wall and interfacial shear stresses and ﬁnally heat
transfer coefﬁcient are presented in this section and compared to
classical models of the literature.
4.1. Flow pattern
The high speed camera enables us to visualise ﬂow patterns for
various mass ﬂuxes G, vapour qualities x at the inlet of the test sec-
tion and heat ﬂuxes q through the ITO coating. Three main ﬂow
patterns have been observed under both normal gravity and micro-
gravity conditions: bubbly ﬂow, slug ﬂow and annular ﬂow. The
relevant parameter used to study the evolution of ﬂow patterns
is the vapour quality. At low vapour qualities corresponding to
subcooled regimes (Tl < Tsat), bubbly ﬂows occur. Bubbles are
nucleated on the heated wall, they slide along the wall and detach.
Bubbles grow due to phase change and also by coalescence. Fig. 7
shows a comparison between bubbly ﬂows in 1 g and l g for
the same parameters (G; x and q) and a liquid subcooling
DTsub ¼ Tsat  Tl ¼ 20 C. The impact of gravity level on the bubble
size and shape is not signiﬁcant in the videos for a high mass ﬂux of
540 kg/m2/s, but it can be clearly seen for a lower mass ﬂux of
200 kg/m2/s. At this low mass ﬂux, under microgravity conditions,
bubbles are larger than in normal gravity and are not deformed,
because they have a very small relative velocity compared to the
liquid velocity. The larger bubble size in microgravity can be
explained by both the larger bubble diameter at detachment and
the higher rate of coalescence due to the small relative motion of
the bubbles.
In saturated ﬂow boiling, annular ﬂow regime is mostly
observed for quality above 0.1 (Fig. 8). The liquid is ﬂowing at
the wall around a vapour core. The liquid ﬁlm can become very
thin and wavy because of the strong interfacial shear stress
induced by the vapour core ﬂow. Roll waves at the vapour-liquid
interface are visible on the videos. At the highest qualities and
mass ﬂuxes, some liquid droplets are also detached from the ﬁlm
surface and entrained into the vapour core.
Several intermediate regimes are observed between bubbly and
annular ﬂow regimes which are themselves clearly described: slug
ﬂows (Fig. 9), churn ﬂows and other transition ﬂows that are difﬁ-
cult to identify. These regimes occur for low liquid subcoolings or
for saturated boiling at low qualities. From bubbly ﬂow, as quality
increases, dense bubble distributions including a few Taylor bub-
bles can be observed. Coalescence phenomenon then leads to slug
ﬂow with Taylor bubbles, whose length increases with vapour
quality. Once the gas core is no longer interrupted by liquid plugs,
annular ﬂow is observed.
The ﬂow pattern can be determined from ﬂow visualisations
but also from the signal of the void fraction sensors (Fig. 10).
Bubbly ﬂows correspond to low void fractions while annular ﬂows
data (with the vapour core) are observed for higher void fraction
values. Slug ﬂow is characterised by its intermittency, which is
clearly visible on the signal oscillating between low and high void
fraction values, even if spatial resolution and time resolution of the
capacitance measurement do not allow to clearly see the slug
passage.
The evolution of ﬂow patterns according to the liquid and
vapour superﬁcial velocities can be plotted on ﬂow patterns maps
that illustrate all the runs that were performed on-ground (Fig. 11)
and during parabolic ﬂight campaigns (Fig. 12). Regimes are
indicated according to the superﬁcial vapour velocity jv and super-
ﬁcial liquid velocity jl, and iso-curves for mass ﬂux G and vapour
quality xare also plotted on these ﬁgures. The same ﬂow patterns
are observed in 1 g and l g conditions for about the same ﬂow
conditions jl and jv .
4.2. Wall and interfacial friction factors
The wall shear stress sw can be deduced from the pressure drop
and void fraction measurements using Eq. (1). The second term of
the RHS is equal to zero since the pressure drop measurements are
Fig. 7. Flow visualisations for bubbly ﬂows, DTsub ¼ 12 C; q = 2W/cm2, (a) G ¼ 540 kg=m2=s in 1 g, (b) in l g and (c) G ¼ 220 kg/m2/s in 1 g, (d) in l g.
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performed on an adiabatic part of the test section. In microgravity,
the last term of the RHS is negligible and the measured pressure
drop is directly proportional to the wall shear stress. In normal
gravity (vertical upward ﬂow), the hydrostatic pressure drop has
to be deduced from total measurement. A good estimation of the
wall shear stress in this conﬁguration requires an accurate mea-
surement of the void fraction.
The experimental data are compared to the prediction of Lock-
hart and Martinelli’s correlation (Lockhart and Martinelli, 1949),
that gives an expression of the two-phase multiplier /L versus
the Martinelli parameter X:
dP
dz
 
fr
¼ /2L 
dP
dz
 
l
with /2L ¼ 1þ
C
X
þ 1
X2
and
X2 ¼ dP
dz
 
l
dP
dz
 
v

ð10Þ
where dPdz
 
l and
dP
dz
 
v would be the frictional pressure drops if the
liquid or vapour were ﬂowing alone in the tube. The constant C is
equal to 20 if liquid and vapour Reynolds numbers are above
2000 (turbulent ﬂow referred as LMtt in Fig. 13) and C is equal to
10 if liquid Reynolds number is below 2000 (laminar regime) and
vapour Reynolds number above 2000 (referred as LMlt). Fig. 13
represents the experimental two-phase multiplier /L under normal
gravity and microgravity conditions, compared to the one predicted
by Lockhart and Martinelli’s correlation.
A good agreement is obtained especially in annular ﬂow
regimes. The discrepancy between experiments and the model
for bubbly ﬂow in normal gravity may be attributed to a signiﬁcant
error on the superﬁcial vapour velocity for low vapour qualities
Fig. 8. Flow visualisation for annular ﬂow G ¼ 200 kg/m2/s and x ¼ 0:20: left in
1 g, right in l g.
Fig. 9. Flow visualisation for slug ﬂow at G ¼ 220 kg/m2/s and x ¼ 0:05: left in
1 g, right in l g.
Fig. 10. Void fraction time evolution in single-phase liquid and vapour ﬂows and in
two-phase bubbly, slug and annular ﬂows.
Fig. 11. Flow pattern map for normal gravity experiments.
Fig. 12. Flow pattern map for microgravity experiments.
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and also to larger measurement errors on the pressure drop for
bubbly ﬂows. For microgravity experiments, an improvement of
the two-phase multiplier model has been proposed by (Awad
and Muzychka, 2010) and is also in very good agreement with
experimental data:
/2L ¼ 1þ
1
X2
 2=7" #7=2
ð11Þ
From the measurement of the pressure drop and the void frac-
tion or the ﬁlm thickness, it is possible to determine the interfacial
shear stress si from the momentum balance equation for the va-
pour core (Wallis, 1969):
a dP
dz
 4si
ﬃﬃﬃ
a
p
D
 qvag ¼ 0 ð12Þ
Eq. (12) is written for an annular ﬂow without liquid droplet
entrainment, assumption that will be justiﬁed in the next section.
The interfacial friction factor fi can be calculated according to si:
fi ¼ si
0:5qvðUv  UlÞ2
’ si
0:5qvU
2
v
ð13Þ
and compared to the wall friction factor of a vapour ﬂow on the
smooth wall fv :
fv ¼ 0:079Re1=4v with Rev ¼
UvD
mv
ð14Þ
In annular ﬂow, the vapour velocity Uv is most of the time much
higher than the liquid velocity Ul. This high velocity difference
leads to a destabilisation of the interface of the liquid ﬁlm, which
becomes wavy. For annular wavy liquid ﬁlms, Wallis (1969) pro-
posed an expression of the interfacial friction factor linked to the
roughness of the liquid ﬁlm that is assumed to equal the ﬁlm
thickness:
fi
fv
¼ 1þ 300 d
D
ð15Þ
This correlation was developed for two-phase ﬂow in large
tubes (diameters around 50 mm). In this conﬁguration, fv is equal
to about 0.005 and almost independent of Rev corresponding to a
fully-rough turbulent ﬂow. Very few measurements of the interfa-
cial shear stress have been performed in millimetric diameter
tubes and almost no measurements exist in microgravity condi-
tions. A data set is reported in 12.7 mm diameter tube in micro-
gravity by Bousman and Dukler (1993), who provided a
correlation for the prediction of fi=fv :
fi
fv
¼ 211:4 245:9a ð16Þ
The interfacial friction factor is calculated from our experi-
ments. fi=fv is plotted versus the dimensionless ﬁlm thickness
d=D characterising the ﬁlm roughness in Fig. 14a and compared
to the correlations of Wallis (1969) and Bousman and Dukler
(1993). The Wallis’s correlation largely overpredicts the interfacial
friction factor and the Bousman and Dukler’s correlation seems to
be in reasonable agreement with the 1 g data. In Fig. 14b, the
values of fi=fv are plotted versus the vapour Reynolds number
Rev based on the vapour velocity and on the diameter of the vapour
core D
ﬃﬃﬃ
a
p
. fi=fv is a decreasing power function of Rev : fi=fv  Re1:3v .
The dependency of fi=fv with Rev proves that the turbulent regime
of the vapour core is not fully rough. For a given value of Rev , the
dimensionless interfacial friction factor fi=fv seems to be lower in
l g than in 1 g, difference that increases while the mass ﬂux
decreases. Nevertheless it is important to remark that the friction
factor also depends on the ﬁlm thickness that is different in
l g and in 1 g.
As suggested by Lopez and Dukler (1986), the dependency on
both roughness and Reynolds number is characteristic of a transi-
tion between smooth and fully rough turbulent regimes. For this
partly rough turbulent regime, Fore et al. (2000) proposed a correc-
tion to the Wallis’s correlation introducing a function of the vapour
Reynolds number as 1þ A=Rev . Following this approach, a relation
between fi=fv ;Rev and d=D is proposed. fi=fv is plotted versus
ð1þ 3:105=Re1:3v Þðd=DÞ0:1 in Fig. 15. The power of the vapour Rey-
nolds number is equal to 1:3 as shown in Fig. 14. The power of
ðd=DÞ is much smaller than in the Wallis correlation. The following
equation provides a reasonable prediction of the interfacial friction
factor for the highest mass ﬂuxes (Fig. 15). However large discrep-
ancies are found the lowest mass ﬂux G ¼ 100 kg/m2/s, especially
in microgravity. Speciﬁc experiments at low mass ﬂuxes will be
performed in the future.
fi
fv
¼ 1þ 28 1þ 3  10
5
Re1:3v
 !
d
D
 0:1
 0:82
" #
ð17Þ
4.3. Void fraction and ﬁlm thickness
For bubbly and slug ﬂows, it is possible to calculate the value of
the mean vapour velocity from the void fraction measurements. In
Fig. 16, the mean vapour velocity Uv is plotted versus the mixture
velocity j and compared to the classical drift ﬂux model of Zuber
and Findlay (1965):
Fig. 13. Frictional pressure drop: two-phase multiplier.
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Uv ¼ jva ¼ C0  jþ U1 ¼ C0  ðjl þ jvÞ þ U1 ð18Þ
where the drift velocity U1 has different expressions for bubbly and
slug ﬂows: U1 ¼ 1:53ðgðql  qvÞr=q2l Þ
1=4 (Harmathy, 1960) for bub-
bly ﬂows and U1 ¼ 0:35
ﬃﬃﬃﬃﬃﬃ
gD
p
(Niklin et al., 1962) for Taylor bubbles
in slug ﬂow. These values are around 0.1 m/s in our experiments. In
microgravity, U1 is equal to zero and a good agreement with Eq.
(18) is found for a value of C0 equal to 1.3.
This conﬁrms the results previously obtained by Colin et al.
(1991, 1996) for air–water ﬂows in tubes of different diameters.
The data on ground are compared to Eq. (18) for the same value
of C0 and a drift velocity for a bubbly ﬂow U1 ¼ 0:15 m/s. The scat-
tering of the experimental data around the predicted values may
be explained by the lower accuracy on the measurements for the
very low quality values.
In the annular ﬂow regime, the liquid ﬁlm thickness d can be
deduced from the void fraction measurement by geometrical con-
siderations. If there is no liquid droplet entrainment in the gas core,
all the liquid ﬂows at the wall and d ¼ D=2ð1 ﬃﬃﬃap Þ. The accuracy
on the ﬁlm thickness measurement is linked to the capacitance
measurement accuracy and the calibration procedure. For an accu-
racy of 2% on the void fraction value, the relative error on the ﬁlm
thickness is about 7%. A ﬁlm thickness of 300 lm is evaluated with
an accuracy of 20 lm. If there is an entrainment rate e, it has to be
taken into account in the calculation of the ﬁlm thickness
(Cioncolini et al., 2009):
d ¼ D
2
1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
a
qlxþ qvð1 xÞe
qlx
s !
ð19Þ
Since the void fraction sensor provides a void fraction measure-
ment almost independent of the phase distribution, only a global
measurement of the liquid holdup, including both liquid ﬁlm and
droplets is obtained. In order to evaluate the rate of entrainment
in our experiments and its inﬂuence on the ﬁlm thickness mea-
surement, it has been evaluated by using the correlation of
Cioncolini and Thome (2012):
e ¼ ð1þ 279:6We0:8395c Þ
2:209 ð20Þ
where Wec is the Weber number of the vapour core based on the
superﬁcial vapour velocity and on the density qc of the vapour core
carrying droplets:
Wec ¼ qcj
2
vD
r
with qc ¼
xþ eð1 xÞ
x
qg
þ eð1xÞql
ð21Þ
Fig. 14. Interfacial friction factor in 1 g (closed symbol) and in l g (open symbols) experiments.
Fig. 15. prediction of interfacial friction factor in 1 g (closed symbols) and l g
conditions (open symbols), solid line Eq. (17).
Fig. 16. Mean gas velocity for bubbly and slug ﬂows in subcooled boiling.
Comparison with the drift ﬂux model for C0 ¼ 1:3.
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The Weber number Wec ranges between 10 and 10
5. From
Eq. (19), it is possible to estimate the absolute error made by
neglecting entrainment on the ﬁlm thickness evaluation. This error
is about equal to ðqgð1 xÞeÞ=ð2qlxÞ. For the range of our experi-
mental parameters G between 100 and 400 kg/m2/s and x up to
0.8, e has been estimated from Eq. (20). The highest value found
for the absolute error is 5%. Nevertheless, entrainment has been
taken into account in the calculations for a better estimation of
the ﬁlm thickness.
In Fig. 17, the ﬁlm thickness is plotted versus quality for three
mass ﬂuxes G in normal gravity and microgravity conditions. The
accuracy on the ﬁlm thickness measurement is about 20 lm. It
can clearly be seen that for qualities larger than 0.2, the ﬁlm thick-
ness is larger in normal gravity than in microgravity. It can be
explained from the momentum balance equations for the liquid
ﬁlm and the gas core. By eliminating the pressure gradient
between these two equations and neglecting the acceleration term,
a relation between the void fraction, the wall shear stress sw and
the interfacial shear stress si is obtained:
sw 
ﬃﬃﬃ
a
p þ si  ðql  qgÞg 
ﬃﬃﬃ
a
p ð1 aÞD=4 ¼ 0 ð22Þ
sw; si and g the gravity acceleration are positive in this equa-
tion. Then the ﬁrst term is negative, the second one positive and
the third one negative. In microgravity, this equation reduces to
sw 
ﬃﬃﬃ
a
p ¼ si. In vertical upward ﬂow in normal gravity, the interfa-
cial shear stress has to compensate both gravity and wall shear
stress. Even if the interfacial shear stress is a little bit larger in nor-
mal gravity than in microgravity, this larger value cannot compen-
sate the gravity term. The ﬁrst term of Eq. (22) has to be lower in
normal gravity. Since the wall shear stress is about the same in
1 g and l g, it means that the void fraction has to be lower
and the ﬁlm thickness larger, which is in agreement with the
experimental results. In Fig. 17, the measured ﬁlm thickness values
are also compared to the theoretical ﬁlm thickness values calcu-
lated by Cioncolini and Thome (2011) using an algebraic eddy vis-
cosity model for describing the velocity proﬁle in the turbulent
liquid ﬁlm of an annular ﬂow:
d ¼ yH max
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2Cþlf
Rþ
s
;0:0066
Cþlf
Rþ
2
4
3
5 ð23Þ
where yH ¼ ml=uH is the viscous length scale, Rþ ¼ D=2yH is the
dimensionless pipe radius and Cþlf the dimensionless mass ﬂow rate
in the liquid ﬁlm:
Cþlf ¼
ð1 eÞð1 xÞGp  D2
8pqluHy2H
ð24Þ
In Eqs. (23) and (24), the friction velocity uH ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sw=ql
p
is eval-
uated according to Cioncolini et al. (2009):
sw ¼ 12 fwlqcV
2
c with f wl ¼ 0:172We2c ð25Þ
where the Weber number Wec is based on the core density qc , core
mean velocity Vc and core diameter dc . In these calculations, the fol-
lowing expression has been used for the estimation of the void frac-
tion in annular ﬂow:
a ¼ f  x
n
1þ ðf  1Þ  xn with f ¼ aþ ð1 aÞ
qv
ql
 a1
and n
¼ bþ ð1 bÞ qv
ql
 b1
ð26Þ
with a = 2.129, b = 0.3487, a1 ¼ 0:2186, b1 ¼ 0:515. The mea-
surements of the void fraction in microgravity are in reasonable
agreement with the prediction of Eq. (26), whereas this equation
largely overpredicts the measurement in 1 g conditions. Then,
the measurements of the liquid ﬁlm thickness are in good agree-
ment with the prediction of Eq. (23) in microgravity. In normal
gravity, the model largely underpredicts the measured values,
because of the overestimation of the void fraction, as can be seen
in Fig. 18.
4.4. Heat Transfer Coefﬁcient
The heat transfer coefﬁcients in saturated and subcooled boiling
in 1 g and l g are deduced from the wall heat ﬂux measure-
ments q and the wall (given by the second probe near the imaged
part of the tube) and liquid bulk temperatures using Eq. (4). By
using a linear evolution of the temperature in the heated section
and by considering uncertainties Dq and DT on the heat ﬂux and
temperature difference, respectively, heat transfer coefﬁcients
can be calculated with an error of 14%. In saturated boiling cor-
responding to annular ﬂow, the heat transfer coefﬁcients are plot-
ted in Fig. 19a and compared to the classical correlations of
Kandlikar (1990) and Chen (1966). For vertical ﬂows, Kandlikar’ s
correlation gives the value of the heat transfer coefﬁcient:
h ¼ hl C1CoC2 þ C3BoC4FK
h i
ð27Þ
Fig. 17. Liquid ﬁlm thickness in annular ﬂow – symbols: experiments – lines: Eq. (23).
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where hl is the heat transfer coefﬁcient for a liquid single-phase
ﬂow at velocity jl; Bo ¼ qGhlv is the Boiling number and
Co ¼ 1xx
 0:8 ﬃﬃﬃﬃqg
ql
q
a convection number. The values of the constants
are for Co < 0:65; C1 ¼ 1:136; C2 ¼ 0:9; C3 ¼ 667:2; C4 ¼ 0:7
and for Co > 0:65; C1 ¼ 0:6683; C2 ¼ 0:2; C3 ¼ 1058; C4 ¼ 0:7.
The value of FK has been taken equal to 1.3, close to those of similar
refrigerants.
The heat transfer coefﬁcient can also be calculated using Chen’s
correlation:
h ¼ F  hl þ S  hnb ð28Þ
where hnb is the heat transfer coefﬁcient in pool boiling:
hnb ¼ 0:00122 k
0:79
l Cp
0:45
l q0:49l
r0:5l0:29l hlv0:24q0:24v
" #
 ðTw  TsatÞ0:24
 ðPsatðTwÞ  PsatÞ0:75 ð29Þ
and F and S are ampliﬁcation and suppression factors, function of
Martinelli’s parameter X:
FðXÞ ¼ 2:35 0:213þ 1
X
 0:736
if
1
X
> 0:1 else FðXÞ ¼ 1 ð30Þ
SðXÞ ¼ 1
1þ 2:53  106: GDð1xÞFðxÞ1:25ll

 1:17 ð31Þ
Experimental data correspond with wall heat ﬂuxes q = 1, 2,
4 W/cm2. Indeed, the wall heat ﬂux has a rather small inﬂuence
on the heat transfer coefﬁcient and was therefore not distinctly
plotted, for clarity reasons. Chen’s and Kandlikar’s correlations
are given for q = 2W/cm2.
Chen’s correlation seems to underpredict the experimental
data, especially at high quality, whereas Kandlikar’s correlation
gives a better prediction of the data. Nevertheless, it overpredicts
the data for lower mass ﬂuxes and lower qualities.
The experimental data are also compared to the heat transfer
coefﬁcient (HTC) estimated by Cioncolini and Thome (2011),
according to the ﬁlm thickness and wall friction in Fig. 19b:
h ¼ kl
d
0:0776  dþ0:9Pr0:52l dþ ¼
d
yH
ð32Þ
This expression is valid for 10 < dþ < 800 and 0:86 < Prl < 6:1.
This model seems able to reproduce the experimental trend, except
for the highest high ﬂux G ¼ 400 kg/m2/s and the lowest qualities
x < 0:2. In order to better check the accuracy of the model, the pre-
dicted value of heat transfer coefﬁcients by Eq. (32) is plotted ver-
sus the measured ones in Fig. 20. In Fig. 20a, the values of d and uH
are calculated using Eqs. (23) and (25), whereas in Fig. 20b, the
experimental values of d and uH are used for the calculations.
In Fig. 20a, the agreement is better than 20% for most of the
data, except for 1 g data at high heat ﬂux. Despite the large dis-
crepancy of the model and the data on the ﬁlm thickness in 1 g
(see Fig. 17), a reasonable agreement in found on the heat transfer
coefﬁcient. It may be explained by the small dependency of the
heat transfer coefﬁcient to the ﬁlm thickness in Eq. (32): h / d0:1.
A signiﬁcant difference is also found between the measured values
of the wall shear stress sw and the prediction of Eq. (25). Then
experimental data have ﬁnally be compared to the prediction of
Eq. (32) using the experimental values for d and uH. A much better
agreement is found in this case, with most of the data predicted in
a range of accuracy of 15%, except for a few data at the lowest
mass ﬂux in microgravity.
An explanation for the low sensitivity of the heat transfer coef-
ﬁcient to gravity can be found by looking at the temperature and
velocity proﬁles provided by Cioncolini for thick turbulent liquid
ﬁlms: both temperature and velocity gradients are concentrated
Fig. 18. Void fraction versus quality in 1 g (squares) and l g conditions
(triangles), solid line Eq. (26).
Fig. 19. Heat Transfer Coefﬁcients versus quality for different mass ﬂuxes in 1 g (closed symbols) and in l g (open symbols).
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near the wall on a range of dimensionless distance from the wall
0 < yþ < 30. Yet experimental dimensionless liquid ﬁlm thick-
nesses in 1 g for G > 100 kg/s/m2 correspond to dþ > 55. There-
fore, it can be assumed that a change in the ﬁlm thickness due to
various gravity levels will not consequently affect the velocity
and temperature proﬁles near the wall, as long as the liquid ﬁlm
is thick enough (dþ > 30). That can explained the low sensitivity
d0:1 in the heat transfer coefﬁcient modelling and in the measure-
ments for G > 100 kg/s/m2.
For subcooled boiling, the ﬂow regimes are mostly bubbly ﬂows
and also some slug ﬂows. There are much fewer correlations that
can predict HTC in subcooled boiling than in saturated boiling.
Our data are compared to Chen’ s correlation whose application
can also be extended to ﬂow boiling with a low level of subcooling
(< 20 C). The total heat ﬂux is divided into one part due to convec-
tion of the subcooled liquid at temperature Tl and another part due
to the bubble nucleation on the wall:
q ¼ FðXÞhlðTw  TlÞ þ hnbSðTw  TsatÞ ð33Þ
The heat ﬂuxes predicted by Eq. (33) are plotted versus the
experimental values in Fig. 21.
For on-ground experiments, a reasonable agreement is obtained
between Chen’s correlation and the experimental data. In micro-
gravity condition, the wall heat ﬂux is signiﬁcantly lower (20%)
than in 1 g conditions, and much lower than expected from
Chen’s correlation. The reason for this discrepancy is not very clear.
It seems that in microgravity, for moderate and low mass ﬂuxes,
larger bubbles are formed on the wall before they detach (see
Fig. 7c and d). The frequency of detachment of the bubbles is a little
bit lower in microgravity, which could explained the reduced con-
tribution of the heat ﬂux due to nucleate boiling.
5. Conclusion
This paper presents the results of ﬂow boiling experiments
performed under microgravity conditions during two parabolic
ﬂight campaigns and compared to parametric runs conducted on
ground. The objective was to collect heat transfer, void fraction
and wall friction data in ﬂow boiling in a 6 mm inner diameter
heated sapphire tube, using HFE-7000 as working ﬂuid. Special
attention was paid to the calculation of the vapour quality in order
to characterise properly the subcooled boiling regimes, but it
remains difﬁcult to investigate ﬂows with very low superﬁcial
vapour velocities. Annular ﬂow, slug ﬂow and bubbly ﬂow have
been observed in videos according to the vapour quality and the
mass ﬂuxes. The results show that the gravity level has little
impact on the ﬂow for mass ﬂuxes superior to 400 kg/m2/s what-
ever the ﬂow pattern is. That is the reason why lower mass ﬂuxes
were investigated in this article. The transition between slug and
annular ﬂows seems to occur at lower qualities in microgravity.
Experimental frictional pressure drops data ﬁt Lockhart and
Martinelli’s correlation (Eq. (10)) with a good agreement both in
normal gravity and microgravity (the wall shear stress being sim-
ilar for these two gravity levels), although Awad’s correlation gives
a better prediction in microgravity. The interfacial shear stress has
also been measured. The interfacial friction factor is characteristic
of transition regime between a smooth and a fully-rough turbulent
ﬂow since it depends both on the ﬁlm thickness (roughness) and
the Reynolds number of the vapour core. Wallis’s correlation is
not adapted to predict the interfacial shear stress in this situation.
A correlation depending on both vapour Reynolds number and ﬁlm
thickness has been proposed (Eq. (17)).
In annular ﬂow, the ﬁlm thickness is much lower in micrograv-
ity than in normal gravity, which can be explained by the momen-
tum balance equation of the liquid ﬁlm.
The heat transfer coefﬁcient in saturated boiling and annular
ﬂow regimes seems to be weakly affected by gravity for G
values between 100 and 400 kg/m2/s. For G equal to 200 and
400 kg/m2/s, the correlation of Kandlikar gives a good prediction
Fig. 20. Comparison of the Cioncolini and Thome’ s model with measured values for different mass ﬂuxes in 1 g (closed symbols) and in l g (open symbols).
Fig. 21. Heat ﬂux in subcooled boiling in 1 g (closed symbols) and in l g (open
symbols).
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of the heat transfer coefﬁcient. The experimental data are also
compared to the model of Cioncolini et Thome (Eq. (32)) that
was developed for annular ﬂow boiling. By using the experimental
values for the wall shear stress and the ﬁlm thickness, a very good
agreement between the experimental data and the model was
found. Despite the difference in the ﬁlm thickness in 1 g and in
l g, the heat transfer coefﬁcient is similar in 1 g and in l g.
This can be explained by the low dependency of the model to the
ﬁlm thickness. The heat transfer coefﬁcient is mostly dependent
of the wall shear stress, which is similar in 1 g and in l g.
In subcooled boiling, the wall heat ﬂux is compared to Chen’s
correlation (Eq. (33)). The inﬂuence of gravity is clearly visible on
the results at low heat ﬂux in microgravity, with heat transfer
coefﬁcient 20% lower in microgravity. The reason may be the lower
bubble formation frequency under microgravity conditions.
In the future, new experiments at lower mass ﬂuxes will be per-
formed both on ground and in microgravity in order to highlight
the gravity effect on larger ranges of parameters.
Acknowledgements
The authors would like to acknowledge the French and Euro-
pean Space Agencies CNES and ESA for having funded this study
and the parabolic ﬂight campaigns. The Fondation de Recherche
pour l’Aéronautique et l’Espace is also thanked for its ﬁnancial
support.
References
Al-Arabi, M., 1982. Turbulent heat transfer in the entrance region of a tube. Heat
Transfer Eng. 3, 76–83.
Awad, M.M., Muzychka, Y.S., 2010. Review and modeling of two-phase frictional
pressure gradient at microgravity conditions. Fluid Engineering Division
Summer Meeting ASME, Montreal.
Bousman, W.S., Dukler, A.E., 1993. Study of gas-liquid ﬂow in microgravity: void
fraction, pressure drop and ﬂow pattern. Proceedings of the 1993 ASME Winter
Meeting, New Orleans, LA, pp. 174–175.
Bousman, W.S., McQuillen, J.B., Witte, L.C., 1996. Gas-liquid ﬂow patterns in
microgravity: Effects of tube diameter, liquid viscosity and surface tension. Int.
J. Multiphase Flow 22, 1035–1053.
Celata, G.P., Zummo, G., 2009. Flow boiling heat transfer in microgravity: recent
progress. Multiphase Sci. Technol. 21, 187–212.
Chen, J.C., 1966. Correlation for boiling heat transfer to saturated ﬂuids in
convective ﬂow. Ind. Eng. Chem. Proc. Des. Dev. 5, 322–339.
Chen, I.Y., Downing, R.S., Keshock, E., Al-Sharif, M., 1991. Measurements and
correlation of two-phase pressure drop under microgravity conditions. J.
Thermophys. 5, 514–523.
Cioncolini, A., Thome, J.R., Lombardi, C., 2009. Uniﬁed macro-to-microscale method
to predict two-phase frictional pressure drops of annular ﬂows. Int. J.
Multiphase ﬂows 35, 1138–1148.
Cioncolini, A., Thome, J.R., 2011. Algebraic turbulence modeling in adiabatic and
evaporation annular two-phase ﬂow. Int. J. Heat Fluid Flow 32, 805–817.
Cioncolini, A., Thome, J.R., 2012. Entrained liquid fraction prediction in adiabatic
and evaporating annular two-phase ﬂow. Nucl. Eng. Des. 243, 200–213.
Colin, C., Fabre, J., Dukler, A.E., 1991. Gas–liquid ﬂow at microgravity conditions – I:
Dispersed bubble and slug ﬂow. Int. J. Multiphase Flow 17, 533–544.
Colin, C., Fabre, J., 1995. Gas–liquid pipe ﬂow under microgravity conditions:
inﬂuence of tube diameter on ﬂow patterns and pressure drops. Adv. Space Res.
16, 137–142.
Colin, C., Fabre, J., McQuillen, J., 1996. Bubble and slug ﬂow at microgravity
conditions: state of knowledge and open questions. Chem. Eng. Com. 141–142,
155–173.
de Jong, P., Gabriel, K.S., 2003. A preliminary study of two-phase ﬂow at
microgravity: experimental data of ﬁlm thickness. Int. J. Multiphase Flow 29,
1203–1220.
Dukler, A.E., Fabre, J.A., McQuillen, J.B., Vernon, R., 1988. Gas–liquid ﬂow at
microgravity conditions: ﬂow pattern and their transitions. Int. J. Multiphase
Flow 14, 389–400.
Elkow, K.J., Rezkallah, K.S., 1997. Void fraction measurements in gas–liquid ﬂows
under 1  g and 0  g conditions using capacitance sensors. Int. J. Multiphase
Flow 23, 815–829.
Fang, X., Zhang, H., Xu, Y., Su, X., 2012. Evaluation of using two-phase frictional
pressure drop correlations for normal gravity to microgravity and reduced
gravity. Adv. Space Res. 49, 351–364.
Fore, L.B., Beus, S.G., Bauer, R.C., 2000. Interfacial friction in gas-liquid annular ﬂow:
analogies to full and transition roughness. Int. J. Multiphase Flow 26, 1755–
1769.
Gnielinski, V., 1976. New equations for heat and mass transfer in turbulent pipe and
channel ﬂow. Int. Chem. Eng. 16, 359–368.
Harmathy, T., 1960. Velocity of large drops and bubbles in media of inﬁnite and
restrictive extent. AIChE J. 1, 289–295.
Jayawardena, S.S., Balakoaiah, V., Witte, L., 1997. Flow pattern transition maps in
microgravity two-phase ﬂows. AIChE J. 43, 1637–1640.
Kandlikar, S.G., 1990. A general correlation for saturated two-phase ﬂow boiling
heat transfer inside horizontal and vertical tubes. J. Heat Transfer 112, 219–228.
Kim, T.H., Kommer, E., Dessiatoun, S., Kim, J., 2012. Measurement of two-phase ﬂow
and heat transfer parameters using infrared thermometry. Int. J. Multiphase
Flow 40, 56–67.
Lockhart, R.W., Martinelli, R.C., 1949. Proposed correlation of data for isothermal
two-phase, two-component ﬂow in pipes. Chem. Eng. Prog. Symp. Ser. 45, 39–
48.
Lopez, J.C.B., Dukler, A.E., 1986. Droplet entrainment in vertical annular ﬂow and its
contribution to momentum transfer. AIChE J. 32, 1500–1515.
Lui, R.K., Kawaji, M., Ogushi, T., 1994. An experimental investigation of subcooled
ﬂow boiling heat transfer under microgravity conditions. In: 10th International
Heat Transfer Conference Brighton, 7, pp. 497–502.
Niklin, D.J., Wilkes, J.O., Davidson, J.F., 1962. Two-phase ﬂow in vertical tubes. Trans.
Instn. Chem. Eng. 40, 61–68.
Ohta, H., 1997. Experiments on microgravity boiling heat transfer by using
transparent heaters. Nucl. Eng. Des. 175, 167–180.
Ohta, H., 2003. Microgravity heat transfer in ﬂow boiling. Adv. Heat Transfer 37, 1–
76.
Reinarts, T.R., 1993. Adiabatic two phase ﬂow regime data and modeling for zero
and reduced (horizontal ﬂow) acceleration ﬁelds. PhD dissertation, Univ. of
Texas A&M.
Wallis, G.B., 1969. One Dimensional Two-Phase Flow. McGraw-Hill, New-York.
Zhao, L., Hu, W.R., 2000. Slug to annular ﬂow transition of microgravity two-phase
ﬂow. Int. J. Multiphase Flow 26, 1295–1304.
Zhao, L., Rezkallah, K.S., 1993. Gas liquid ﬂow patterns at microgravity conditions.
Int. J. Multiphase Flow 19, 751–763.
Zhao, L., Rezkallah, K.S., 1995. Pressure drop in gas–liquid ﬂow at microgravity
conditions gas liquid ﬂow patterns at microgravity conditions. Int. J. Multiphase
Flow 21, 837–849.
Zuber, N., Findlay, J.A., 1965. Average volumetric concentration in two-phase
systems. J. Heat Transfer, 453–468.
M. Narcy et al. / International Journal of Multiphase Flow 60 (2014) 50–63 63
Proceedings of the 15th International Heat Transfer Conference, IHTC-15 
August 10-15, 2014, Kyoto, Japan 
 
IHTC15-9072 
 
*Corresponding Author: mnarcyle@imft.fr 
 
 
1 
 
 
FLOW BOILING UNDER MICROGRAVITY CONDITIONS 
Comparative study of two experimental data sets 
 
M. Narcy1*, A. Scammell2, C. Colin1, J. Kim2 
 
1Fluid Mechanics Institute (IMFT), University of Toulouse, Toulouse, 31400, France 
2University of Maryland, College Park, MD 20742, USA 
 
 
ABSTRACT 
 
A comparison is made of recent reduced gravity flow boiling data obtained using two independent test 
facilities which utilise different measurement techniques. The specifications and parameters of each test rig 
are described with both featuring 6 mm tubular channels through which either HFE-7000 or HFE-7100 is 
boiled. Parabolic flight campaigns provide the microgravity environment in which heat transfer and void 
fraction measurements are coupled with flow visualisation to provide insight into gravity’s effect on two-
phase flow. 
 
KEY WORDS: Two-phase flow, boiling, microgravity, heat transfer, void fraction 
 
 
1. INTRODUCTION 
 
Two-phase thermal systems have been widely applied in many industries and engineering disciplines due to 
the improvement of heat transfer efficiency via the fluid latent heat. However, boiling is a highly complex 
process with many components such as heat and mass transfer, hydrodynamics, and interfacial phenomena, 
and these intricacies are further complicated for space applications when the effect of weightlessness is 
considered. It is therefore necessary to study and understand flow boiling and, specifically, the effect of 
gravity on flow regime, pressure drop, and heat transfer. Current microgravity (referred to as µ-g) flow 
boiling testing is limited by the opportunities for low gravity environments, resulting in a deficiency of data 
by which to test hypotheses and models. Nevertheless, several testing campaigns using parabolic flight have 
been completed in the last half-century that provide insight into gravity’s effect on flow patterns, pressure 
drop, and heat transfer. Comprehensive state-of-the-art reviews have been completed by Colin et al. [1], 
Ohta [2], and Celata and Zummo [3]. 
 
One of the key requirements for predicting both pressure drop and heat transfer for flow boiling in a tubular 
geometry under microgravity conditions is the characterisation of flow regimes. Several studies have 
identified various flow patterns, and their transitions, at different superficial liquid and gas velocities (jL and 
jG, respectively) for both adiabatic gas-liquid flows and boiling flows. Using void fraction criteria, Colin et 
al. [4] and Dukler et al. [5] created maps to predict regime transitions in gas-liquid flows. Patterns such as 
bubbly, slug and annular flow were also seen by Ohta [2], Reinarts [6], and recently by Celata and Zummo 
[3] for saturated and subcooled flow boiling.  
 
Cross-sectional void fraction measurements have been studied utilising several techniques including 
capacitance probes [7], conductance probes [4], and optical interference. Experimental data allow for the 
analysis of bubble dynamics such as the comparison of the mean gas velocity (UG = jG / α) to the drift flux 
model for bubbly and slug flow, showing good agreement [6]. Average film thickness measurements using 
void fraction techniques have been reported for µ-g conditions [8, 9], but only for gas-liquid flows.  
IHTC15-9072 
 
 
 
2 
 
Recent work on flow boiling heat transfer in microgravity has yielded some advancement in the 
understanding of gravity variation on the heat transfer coefficient, but a thorough grasp of the topic is still 
lacking. Lui et al. [10] conducted heat transfer experiments for subcooled flow of R113 through 12 mm 
internal diameter test section. Heat transfer coefficients were found to be approximately 5 to 20% higher in 
microgravity, generally increasing with increasing quality. This trend was explained by the greater 
movement of vapour bubbles on the heated surface at higher qualities. Ohta [2,11] studied flow boiling of 
FC-72 and R113 in vertical transparent tubes (8 mm inner diameter), internally coated with a thin gold film 
to act as a heating element and resistive thermometer. Tests were performed at ground and microgravity 
conditions to investigate the effect of gravity on flow pattern and heat transfer. It was observed that at low 
mass fluxes, bubbles size in the nucleate boiling regime increased in microgravity, but no variation in heat 
transfer coefficient was seen. Ohta proposed that increased agitation of the fluid near the heated wall from 
nucleation was the main mechanism of heat transfer and is therefore unaffected by bubble size in the bulk 
fluid. At higher mass fluxes, annular flow was described as having a liquid-vapour interface that became 
smoother in microgravity. Under these conditions, a degradation in heat transfer was experienced in 
microgravity, and was explained by the interplay between liquid film thickness and the increased turbulence 
caused by the interfacial disturbances. Baltis [12], who performed subcooled flow boiling experiments with 
FC-72 in Pyrex tubes (2, 4, and 6 mm internal diameters) showed that the heat transfer coefficient can 
decrease by 30-40% or increase by 15-20% in microgravity compared to terrestrial gravity conditions. 
Bubbly flow observed at low mass fluxes showed an increase, no change, and a decrease in heat transfer for 
microgravity depending on the position along the heated tube. Their explanation considered the relative 
bubble size at each measurement position in microgravity compared to terrestrial gravity and attributed each 
condition to the convection enhancement provided by the passing bubbles. At higher qualities and low flow 
rates, intermittent/annular flow experienced little variation in flow structure or heat transfer coefficient as 
gravity level changed. It is evident from previous work that the variation in heat transfer with gravity level is 
dependent on several parameters such as mass flux, quality, and heat flux. However, it is also clear that the 
study of each parameter individually with respect to the heat transfer variation is not sufficient for a 
complete understanding of the heat transfer processes. The flow regime changes (partially determined by the 
aforementioned parameters) and the specific mechanisms of each regime present the most thorough 
explanation to the conditions under which heat transfer varies with gravity. 
 
The objective of this work is to compare experimental techniques and collect microgravity flow boiling data 
from two independent experiments constructed by Institut de Mécanique des Fluides de Toulouse (IMFT), 
Toulouse, France and the University of Maryland (UMD), Maryland, USA. The test sections for both 
experiments were 6 mm tubular geometries heated by Joule effect and through which two 3M Novec fluids 
were circulated. 
 
 
2. EXPERIMENTAL FACILITIES 
 
Two hydraulic loops were designed in order to study boiling mechanisms both on ground and under 
microgravity conditions during parabolic flights. 
 
2.1 Experimental facilities   
 
UMD experimental set-up.  The UMD experimental apparatus consisted of a hydraulic loop, transducers, and 
supporting electrical equipment required for the rig’s functionality both in the lab and aboard parabolic flights. 
The working fluid used during testing was 3M Novec HFE-7100, a non-toxic dielectric fluid with a boiling 
temperature of 61°C at 1 bar. A schematic of the loop is shown in Figure 1. Liquid HFE-7100 was pumped using 
a Micropump gear pump and the flow rate was measured using an Omega turbine flowmeter. The liquid was 
then heated to a specified inlet subcooling temperature or quality using a stainless steel preheater before entering 
the test section in a vertical upward flow configuration. Preheater input power was supplied by a modified 
Silverstone computer power unit and controlled using pulse width modulation via a LabVIEW interface.   
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Fig. 1  Functional diagram for University of Maryland experimental test rig. 
 
The test section consisted of a heated 6mm ID silicon tube, where the heat transfer measurements and flow 
visualization occur, and two void fraction sensors upstream and downstream of the silicon tube. The silicon is 
resistively heated using a high voltage power supply to either induce or continue boiling within the flow. 
Pressure taps were located at the inlet and outlet of the heat transfer measurement section for both differential 
and absolute pressure measurements. 
 
Vapour exiting the test section was condensed and subcooled in a counterflow heat exchanger where the 
secondary fluid was ice water stored in a Dewar. A bellows-type accumulator was included after the condenser 
with the dry side open to the atmosphere, so that system pressure could be maintained at nominally 1 bar. This 
was accomplished on parabolic flights by pressurising the dry side of the bellows with an air pump regulated by 
an adjustable pressure relief valve. After leaving the accumulator, the working fluid was recirculated through the 
pump and cycled through the flow loop again. 
 
Data was collected using an Omega 24-channel data acquisition system and recorded at a rate of 100 Hz using a 
LabVIEW interface. Infrared video for heat transfer measurements and flow visualisation was captured using an 
Electrophysics Silver 660M camera at a rate of 250 Hz and transmitted to a computer via Ethernet cable.   
 
IMFT experimental set-up.  The IMFT experimental apparatus consisted of a hydraulic loop similar to the 
UMD test loop, as shown in Figure 2. The working fluid was 3M Novec HFE-7000 with a boiling temperature 
of 36°C at 1 bar. A Micropump gear pump circulated the liquid through a Coriolis flowmeter and two serial 
preheaters. The test section consisted of a 6mm ID sapphire tube with an outer ITO coating between two void 
fraction probes. The transparent and conductive coating enables Joule heating and visualisation of the flow by 
means of a high-speed camera. Temperature was measured at various locations on the outer wall of the tube. 
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An adiabatic section at the outlet of the sapphire tube was used to obtain differential pressure measurements 
at constant temperature. The fluid was then condensed and subcooled in four cold plates using Peltier 
modules, fins and fans, in order to avoid cavitation in the pump. All measurements were acquired using a 
LabVIEW interface at a rate of 100 Hz. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 2  Schematic of IMFT experimental test rig [13] 
 
Working fluids.  Because of the IR measurement technique used in the UMD experiment, it was preferred to use 
HFE-7100 as working fluid instead of HFE-7000 since its higher saturation temperature resulted in much larger 
infrared signatures that could be resolved more accurately. The main properties of these two fluids at 25°C are 
given in Table 1. 
 
Table 1  Thermodynamic properties at 25°C for HFE-7000 and HFE-7100 
 
Fluid Tsat at 1 bar [°C] 
ρV/ρL at Tsat  
[-] 
ρL 
[kg.m-3] 
νL 
[m².s-1] 
hLV 
[kJ.kg-1] 
Cp 
[J.kg-1.K-1] 
HFE-7000 34 5.8 10-3 1400.6 3.5 10-7 142 1300 
HFE-7100 61 6.2 10-3 1500.2 3.8 10-7 124 1183 
 
 
2.2 Measurement techniques and uncertainties   
 
Both experiments were instrumented to study pressure drop, void fraction and heat transfer. In particular, 
pressure transducers were used to measure the absolute pressure at various locations in order to determine the 
saturation temperature. Measurement techniques for temperature and void fraction measurements are presented 
in this section, along with the corresponding uncertainties in Table 2. 
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Fig. 3  Schematic of a void fraction probe 
 
Temperature.  Thermocouples for absolute temperature measurements were used at several locations in the flow 
loops for data analysis as well as calibration and safety purposes (UMD uses T-type thermocouples and IMFT 
uses K-type). The IMFT experiment also installed a T-type thermocouple for a precise differential temperature 
measurement along the sapphire tube of the test section. The tube itself was instrumented with Pt100 probes that 
measured the temperature of its outer wall. The UMD experiment used an IR camera to measure local heat 
transfer coefficient at many points along the centreline of the silicon tube. 
 
Void fraction.  IMFT designed and built specific void fraction probes to provide accurate data of the 
volumetric fraction of vapour at the inlet and outlet of the test sections in the two experiments. The sensors 
were capacitance probes using six copper electrodes (two measurement electrodes and four guard electrodes) 
placed on both sides of the two-phase flow for a non-intrusive measurement, as illustrated in Figure 3. 
Calibrations were performed with liquid HFE and Teflon rods whose permittivity was close to that of HFE 
vapour. The signal sensibility (i.e., the capacitance difference between the vapour state and the liquid state 
ΔC = CL – CV) was around 0.3 pF while the accuracy on the capacitance measurement was 0.001 pF. The 
accuracy of the void fraction also depended on the calibration error, and was estimated at 7%. 
 
Flow visualisations.  The transparent ITO coating on the IMFT sapphire tube enabled visualisation of the 
flow using a high-speed camera. Only 30mm of the tube length was imaged with a spatial resolution of 33.3 
pixels/mm. The UMD facility also provided flow visualisation, but the IR camera gives priority to the heat 
transfer coefficient measurements and flow videos were less clear due to radiative emission.  
 
Table 2  Typical uncertainties for system parameters and measurements 
 
 Parameter / measurement Unit 
UMD 
uncertainty 
IMFT 
uncertainty 
System 
parameters 
 Mass flux   G kg.s-1.m-2 5 5 
 Working pressure   P mbar 1.3 2.5 
Measurements 
 Temperature (thermocouple)    °C 0.12 0.2 
 Temperature (Pt100 probes)    °C - 0.1 
 Temperature (IR camera) °C 0.14 - 
 Capacitance meas. % 2 2 
 
 
2.3 Parabolic flight campaign: microgravity conditions   
 
Both experiments flew during parabolic flight campaigns on board the A300 ZERO-G of Novespace in 
Bordeaux, France. The results presented in this article were provided by one campaign for UMD (April 
2013) and two campaigns for IMFT (May 2011 and April 2012). 
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These parabolic flight campaigns produce a near-weightless situation during three flights with 31 parabolas 
per flight. Each parabola provides up to 22 seconds of microgravity corresponding to a gravity level smaller 
than 0.03g. 
 
During any given parabola, the gravity level transitions between 1-g, 1.8-g, and µ-g may lead to pressure and 
mass flux variations within the test sections. The UMD experiment used a PID controller to stabilise the flow 
rate over a parabola but the IMFT facility had no regulation of the pump speed. The mass flux in the IMFT 
experiment was steady during the normal gravity phases, decreased slightly during 1.8 periods and then 
increased in microgravity. Only a few seconds were needed to stabilise the flow rate in µ-g. The UMD 
experimental points thus closely follow G isocurves on the flow pattern maps to be presented below while 
the IMFT data does not. 
 
 
3. DATA PROCESSING AND SINGLE-PHASE FLOW VALIDATIONS 
 
In this paper, heat transfer coefficients, void fraction and film thickness data are presented. These values 
were deduced from the measurements of wall and liquid temperature, heat flux, vapour quality and void 
fraction, and validated in single-phase flow by comparison with classical correlations. Transient experiments 
corresponding to transitions between the different gravity levels are not studied. 
 
In the following sections, q is the wall heat flux delivered to the fluid, D is the inner diameter of the 
silicon/sapphire tube, and z is the distance from the inlet of the heated section. 
 
3.1 Vapour quality 
 
The mass vapour quality x is an important system parameter. It was calculated using an enthalpy balance 
equation in steady state for the mixture: 
ͶݍǤ ݖ
ܦ
ൌ ܩǤ ൫ൣݔǤ ݄୴ǡୱୟ୲ሺݖሻ ൅ ሺͳ െ ݔሻǤ ݄୪ሺݖሻ൧ െ ൣݔ଴Ǥ ݄୴ǡୱୟ୲ሺͲሻ ൅ ሺͳ െ ݔ଴ሻǤ ݄୪ሺͲሻ൧൯ሺͳሻ 
where x0 corresponds to the inlet vapour quality calculated from an energy balance on the preheater. 
 
For saturated boiling regimes, the liquid temperature Tl was assumed to be the saturation temperature Tsat, 
and the vapour quality was equal to the thermodynamic quality. For subcooled boiling regimes, x0 = 0, Tl is 
smaller than Tsat and the temperature of the vapour Tv is assumed to be equal to Tsat. The wall heat flux leads 
to an increase of the total enthalpy of the mixture, both by phase change and by increasing the liquid 
temperature, but the vapour quality is not equal to the thermodynamic quality. In this case, the temperature 
profile between the inlet and outlet of the test section is needed to calculate x. 
 
The uncertainty in vapour quality is an issue for the calculations in subcooled boiling: by neglecting the error 
on geometrical and physical properties, the error of x was found to be around 2x10-3, which is the order of 
magnitude of x itself. 
 
3.2 Heat transfer coefficient 
 
Different measurement techniques were used by the two experiments: an IR camera provided heat transfer 
coefficients for the UMD facility while the IMFT experiment processed temperature measurements in the 
liquid and on the outer surface of the sapphire tube. 
 
The UMD experiment.  Heat transfer measurements and flow visualisation were captured using an IR 
thermometry technique that utilised the transparency of silicon in the mid-IR optical range [14]. HFE-7100 
passes through the 6mm ID/8mm OD single crystal silicon tube whose inner wall was coated with a thin 
thermally insulating layer of polyimide tape as can be seen in Figure 4. One half of the inner circumference 
was then covered with an IR opaque paint, containing carbon black, which allowed an effective inner wall 
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temperature to be measured through the silicon and polyimide layer. The same procedure was conducted for 
two strips aligned axially on the outer wall of the tube so that the effective outer wall temperature could be 
measured. 
 
To determine the actual inner and outer wall temperatures, the optical properties of the various layers must 
be included. A coupled conduction and radiation problem was solved which accounted for absorption, 
emission, and reflection of thermal energy from the layers and the surroundings to determine the temperature 
profiles within the multilayer. The heat flux and heat transfer coefficient could then be calculated for every 
camera pixel along the axial length of the tube at much higher spatial resolution than traditional methods. 
 
To complement the heat transfer measurements, the flow was also visualised using a set of six gold-plated 
mirrors (right image of Figure 4). In this way, the flow visualisation and heat transfer measurements could be 
captured simultaneously using a single camera. 
 
Fig. 4  Cross-sectional view of silicon tube with polyimide coating, black paint, and mirrors to provide 
simultaneous heat transfer measurements and flow visualisation (right image). 
 
The infrared thermography technique was validated through single phase and two-phase vertical upward 
flow testing.  In the case of single phase, liquid flowed through the heated silicon tube and the heat transfer 
coefficient along its length was measured. Comparison was then made between the experimental heat 
transfer coefficient and the Dittus-Boelter correlation with a correction factor for entrance effects proposed 
by Al-Arabi [15] as seen in Figure 5. Good agreement between the two is observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5  Experimental heat transfer coefficient compared to Dittus-Boelter correlation with Al-Arabi 
correction for the parameters: HFE-7100, Re = 5545, ΔTsub = 20°C, q = 1.1 W/cm2. 
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The IMFT experiment.  In order to estimate the heat transfer coefficient (HTC) at the inner wall of the 
sapphire tube, the following assumptions were made: 1) temperature profiles were axisymmetric. 2) axial 
conduction and heat transfer by radiation were negligible. 3) heat losses were negligible. 
 
The temperature at the inner wall of the tube Tiw was related to the temperature at the outer wall Tow and heat 
flux q applied by Joule effect through the ITO coating according to the conduction equation: 
୭ܶ୵ െ ୧ܶ୵ ൌ ݍǤ ݈݊ ൬
ܴ୭
ܴ୧
൰ Ǥ
ܴ୭
݇
ሺʹሻ 
where Ro and Ri are the outer and inner diameter, respectively, and k the sapphire thermal conductivity. The 
heat transfer coefficient h could then be deduced from an energy balance through the tube: 
݄Ǥ ሺ ୧ܶ୵ െ ୧ܶஶሻ ൌ ݍǤ
ܴ୭
ܴ୧
ሺ͵ሻ 
By combining Equation (2) and Equation (3) and assuming a profile of liquid temperature between the inlet 
and outlet of the tube to obtain the liquid bulk temperature Ti∞, the heat transfer could be calculated. 
 
In order to validate the heat transfer data, experiments were performed in single-phase flow for a large range 
of mass fluxes. The results were corrected with Al-Arabi’s correlation since the heat transfer regime was not 
fully established, and also compared with Gnielinski’s correlation [16]. The experimental data showed good 
agreement with the correlations (with a maximum error of 17%). 
 
 
4. RESULTS AND DISCUSSION 
 
Experimental results concerning flow patterns, void fraction, and heat transfer are presented in this section. 
 
4.1 Flow patterns 
 
Three main flow patterns were observed under both microgravity and normal gravity conditions: bubbly flow, 
slug flow and annular flow. Intermediate regimes are classified as “transition flows”. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           (a)                           (b)                       (c)                              (d)                       (e)                      (f) 
 
Fig. 6  Flow visualisations for bubbly flow and slug flow 
Bubbly flow (IMFT): G = 200 kg.s-1.m-2, ΔTsub = 12°C, q = 2 W.cm-2   (a) in 1-g   (b) in μ-g 
Bubbly flow (UMD): G = 48 kg.s-1.m-2, ΔTsub = 8°C, q = 1.62 W.cm-2    (c) in μ-g 
Slug flow (IMFT): G = 200 kg.s-1.m-2, x = 0.05, q = 2 W.cm-2   (d) in 1-g   (e) in μ-g 
Slug flow (UMD): G = 88 kg.s-1.m-2, x = 0.05, q = 0.65 W.cm-2    (f) in 1-g 
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Bubbly flows occurred at low vapour qualities that corresponded with subcooled regimes. The difference 
between 1-g and μ-g was clearly visible in the videos for low mass fluxes (G < 250 kg.s-1.m-2), as seen in 
Figure 6: bubbles are larger in μ-g and are not deformed due to a smaller relative velocity compared to the 
velocity of the liquid phase, a higher rate of coalescence and a larger diameter at detachment. As quality 
increases, coalescence phenomenon leads to slug flows (Figure 6), churn flows and intermediate flows that 
are not clearly described. Taylor bubbles were observed, whose length increased with the vapour quality. For 
qualities above 0.1 corresponding to saturated flow boiling, annular flows mostly occurred, with liquid 
flowing at the wall around a vapour core as seen in Figure 7. For transition flows and annular flows, no 
visible difference could be seen in the videos. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                            (a)                     (b)                  (c) 
 
Fig. 7  Flow visualisations for churn flow and annular flow 
Annular flow (IMFT): G = 200 kg.s-1.m-2, x = 0.20, q = 2 W.cm-2   (a) in 1-g   (b) in μ-g 
Annular flow (UMD): G = 49 kg.s-1.m-2, x = 0.28, q = 0.9 W.cm-2   (c) in μ-g 
 
The evolution of these flow patterns according to the vapour quality is illustrated on the two flow pattern 
maps with the runs performed on-ground (Figure 8) and during parabolic flight campaigns (Figure 9). 
Regimes are plotted according to the superficial vapour velocity jV and superficial liquid velocity jL, along 
with isocurves of mass flux G and isocurves of vapour quality x. Only the UMD experiment investigated 
mass fluxes lower than G = 100 kg.s-1.m-2, under normal gravity and microgravity conditions.  
 
At low qualities, for subcooled regimes, bubbly flows were mostly observed. The transition between bubbly 
and annular flow (including slug flows, churns flows and undescribed transition flows) corresponded to a 
large range of vapour quality around x = 0.1. At higher qualities in the saturated regimes, annular flows 
occurred. The same flow patterns were observed in 1-g and μ-g for about the same flow conditions. 
 
Only the results for G ≤ 200 kg.s-1.m-2 are presented in the next sections, since UMD data focuses on lower 
mass fluxes. A complete processing of IMFT data has already been discussed by Narcy et al. [13]. 
 
4.2 Void fraction and film thickness 
 
For the specific case of annular flow (saturated regime), Cioncolini and Thome proposed an algebraic eddy 
viscosity model to describe the velocity profile in the turbulent liquid film [17]. The annular flow model they 
developed provides theoretical values for the void fraction, liquid film thickness, wall shear stress, and heat 
transfer coefficients. 
 
The rate of liquid droplet entrainment in the gas core was evaluated with this model [18] in a previous work 
by Narcy et al. [13]. Over the range of parameters investigated in these experiments, the entrainment was 
found to be negligible.  
 
IHTC15-9072 
 
 
 
10 
 
 
Fig. 8  Flow pattern map in 1-g for IMFT data (closed symbols) and UMD data (open symbols) 
 
Fig. 9  Flow pattern map in μ-g for IMFT data (closed symbols) and UMD data (open symbols) 
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The liquid film thickness δ can therefore be determined according to α using geometrical considerations: 
ߜ ൌ
ܦ
ʹ
൫ͳ െ ξߙ൯ሺͶሻ 
 
In Cioncolini’s model, the void fraction is estimated according to: 
ߙ ൌ
݂Ǥ ݔ௡
ͳ ൅ ሺ݂ െ ͳሻǤ ݔ௡
݂ ൌ ܽ ൅ ሺͳ െ ܽሻǤ ൬
ߩ୴
ߩ୪
൰
௔భ
݊ ൌ ܾ ൅ ሺͳ െ ܾሻǤ ൬
ߩ୴
ߩ୪
൰
௕భ
ሺͷሻ 
where a = -2.129, b = 0.3487, a1 = -0.2186, b1 = 0.515. 
 
The liquid film thickness δ is given by: 
ߜ ൌ ݕכǤ ቎ඨ
ʹȞ୪୤
ା
ܴା
Ǣ ͲǤͲͲ͸͸
Ȟ୪୤
ା
ܴା
቏ሺ͸ሻ 
where ݕכ = νl / ݑכ  is the viscous length scale, ܴା = D / 2ݕכ is the dimensionless tube radius, and Ȟ୪୤
ା the 
dimensionless flow rate in the liquid film. Ȟ୪୤
ା and ݑכ, the friction velocity, are given in Cioncolini et al. [19]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10  Void fraction in 1-g and in μ-g compared with Cioncolini’s model for IMFT data (closed symbols) 
and UMD data (open symbols) 
 
The void fraction data in microgravity are well predicted by Equation (5) from Cioncolini’s model for both 
experiments that provide consistent measurements, as can be seen in Figure 10. However, this equation 
overpredicts the measurements in normal gravity for the IMFT data set which highlights higher void fraction 
values in microgravity, whereas no clear difference between 1-g and μ-g is seen on the UMD measurements. 
 
Equation (4) enables us to estimate the liquid film thickness for the runs performed in saturated boiling with 
annular flows. Only the UMD experiment provides measurements for low mass fluxes. In Figure 11, the film 
thickness is plotted according to the vapour quality for three mass fluxes under microgravity conditions. The 
accuracy on the measurements is about 20 μm.  
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Fig. 11  Liquid film thickness in μ-g compared with Cioncolini’s model for IMFT measurements (closed 
symbols) and UMD measurements (open symbols) – annular flow data 
 
Despite the scattering around G = 100 kg.s-1.m-2, both the IMFT data and UMD data are consistent and in 
good agreement with the prediction of Equation (6), which was expected since Cioncolini’s model well 
predicts the void fraction under microgravity conditions.  
 
4.3 Heat transfer coefficient  
 
Heat transfer data were calculated using the two techniques as describe above. Saturated boiling (mostly with 
annular flow) and subcooled boiling (corresponding to bubbly and slug flows) were investigated. 
 
Saturated boiling.  Experimental points in the annular flow regimes are presented in this sub-section. 
Cioncolini’s model also provides an estimation of the heat transfer coefficient h [18]: 
݄ ൌ
݇୪
ߜ
ͲǤͲ͹͹͸Ǥ ߜା଴Ǥଽܲݎ୪଴Ǥହଶߜା ൌ
ߜ
ݕכ
ሺ͹ሻ 
where kl is the thermal conductivity of the liquid phase and Prl the Prandtl number. This expression is valid 
for 10 < ߜା < 800 and 0.86 < Prl < 6.1. 
 
In Figure 12, heat transfer coefficients in 1-g and μ-g are plotted according to the vapour quality for two 
mass fluxes. Comparisons are made with classical correlations (Kandlikar [20] and Chen [21]) and with 
Cioncolini’s model. Experimental data correspond to various wall heat fluxes q. Indeed, this parameter has a 
rather small influence on the heat transfer coefficient and was therefore not distinctly identified, for clarity 
reasons. The two correlations are given for q = 2 W.cm-2. No significant difference can be seen between 
normal gravity and microgravity conditions for vapour qualities x > 0.2, for any tested mass flux G. The 
IMFT data and UMD data are both consistent for the two gravity levels. Measurements at high mass fluxes 
and high qualities are in good agreement with Kandlikar’s correlation while Chen’s correlation well predicts 
measured data for lower mass fluxes or lower qualities.  
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Fig. 12  Heat transfer coefficient for saturated data in 1-g and in μ-g compared with various correlations 
for IMFT measurements (closed symbols) and UMD measurements (open symbols) 
 
For vapour qualities higher than 0.3 (corresponding to annular flows), the measurements agree well with 
Cioncolini’s model (Equation (7)) both under normal gravity and microgravity conditions. The uncertainty of 
the heat transfer coefficient is estimated at ± 15% for both experiments. 
 
Subcooled boiling.  The runs that were used to investigate heat transfers in subcooled boiling mostly 
experienced bubbly flows.  
 
An example is given in Figure 13, where a time trace of the heat transfer coefficient, gravity level, and test 
section outlet void fraction from the UMD data are plotted as a function of time.  The heat transfer 
coefficient shown is a spatially averaged value over a 2 cm distance near the exit of the heated test section. 
Bubbly flow is experienced during all three gravity periods with bubble size increasing in microgravity 
compared with normal gravity. This transition can be verified by observing the increase in void fraction in 
microgravity.  
 
In this example and in the other runs performed with the UMD experiment in bubbly flows, the heat transfer 
coefficients were approximately 20% lower in μ-g than in 1-g, due to the increase in void fraction. 
 
The exact same trend is highlighted in the IMFT subcooled data set [13]: Chen’s correlation, which can be 
extended to flow boiling with low levels of subcooling, predicts the heat transfer coefficient in normal 
gravity well but overpredicts h in microgravity by around 20%. 
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Fig. 13  Time trace plot of heat transfer coefficient, gravity level, and test section outlet void fraction  
for bubbly flow (UMD data) 
 
 
5. CONCLUSIONS 
This paper presents results of flow boiling experiments conducted in microgravity during parabolic flight 
campaigns using two experimental facilities with different measurement techniques. The objective was to 
collect and compare experimental data on flow patterns, void fraction, liquid film thickness and heat transfer. 
Both experiments circulated HFE fluids (HFE-7000 and HFE-7100) in 6mm inner diameter heated tubes. 
 
Annular flow, slug flow and bubbly flow were observed under normal gravity and microgravity conditions, 
according to the vapour quality and mass flux. It remains difficult to provide an accurate description of all 
transition flows including slug flow and churn flow. The transitions between the well-described regimes 
seemed to occur at the same qualities in 1-g and μ-g. 
 
Void fraction data for the two facilities were consistent in microgravity and in good agreement with the 
correlation proposed by Cioncolini et al. in their annular flow model. However, the IMFT data exhibited a 
thicker liquid film in 1-g whereas no clear influence of the gravity level was seen on the UMD data. 
 
For saturated boiling, no significant difference between normal gravity and microgravity was observed on 
heat transfer coefficients. Kandlikar’s correlation and Chen’s correlation both yielded good predictions of the 
heat transfer coefficient depending on the vapour quality and the mass flux. Measurements of both 
experiments were consistent and in good agreement with the estimation of Cioncolini’s model. 
For subcooled boiling, the heat transfer coefficient was approximately 20% lower in microgravity than in 
normal gravity, which is believed to be caused by an increase in the void fraction at low mass qualities. 
 
Further data processing and new experiments at lower mass fluxes will be performed to complete this 
comparative study. 
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NOMENCLATURE / SUBSCRIPTS 
 
h heat transfer coefficient             (W/m2/K) 
hl,v latent heat of vaporisation         (kJ/kg) 
j superficial velocity             (m/s) 
Oh Ohnesorge number             ( - ) 
ΔT subcooling              (°C) 
x vapour quality              ( - ) 
ߙ void fraction              ( - ) 
ߝ electrical permittivity             ( - ) 
 
 
e environment 
i internal 
in inlet conditions 
l liquid phase 
o outer 
out outlet conditions 
sat saturated conditions 
sub subcooled conditions 
v vapour phase 
w wall
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